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In the last decades, petroleum-based synthetic polymers have been widely used for the 
production of plastic materials thanks to their versatile and multifunctional properties. 
Nevertheless, the environmental problems related to their total inability to biodegrade and the 
release of toxic chemical with time are pushing researchers to exploit natural polymers from 
bioresources as building blocks to fabricate plastic-like materials. Methods for the extraction of 
natural polymers from plants, animals, and microorganism have already been proposed in 
literature, but these natural compounds still present weaknesses related to their mechanical and 
optical properties, humidity resistance, and barrier properties. 
The aim of this Thesis is the design and the development of all-natural polymer composites 
combining the properties of various natural polymers both as matrix and as nano-micro fillers 
in just one combined material. A detailed analysis about the proper modification of the initial 
structure will be given, with emphasis on the tuning of the final properties. The production 
methods used in this work are compatible with processes, such as casting, extrusion, and hot-
pressing, used in plastics processing industry in order to develop natural composite materials 
that can be easily scalable. Moreover, a comprehensive comparison of these novel natural 
composites with respect to commonly used synthetic materials is shown. 
After a general introduction about the economy and the main advantages and drawbacks of 
petroleum-based plastics, a meticulous review of the main biopolymers used as sustainable 
alternatives to their synthetic counterparts and a description of the main advantages of natural 
polymeric composites is discussed. Other additional Chapters form this Thesis: 
1. The first one is about the functionalization of cellulose acetate with oleic acid. 
2. The second one is focused on the amorphous reassembly of the three main 
components of wood, i.e. cellulose, hemicellulose and lignin. 
3. The third one presents the fabrication of biocomposites from aleuritic acid and 
nanocellulose. 
4. The fourth one is related with the reinforcement of fibrous composite mycelium with 
a polyaleuritate coating. 
5. The fifth one describes the fabrication of plant cuticle-like packaging films from tomato 
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This Introduction is structured in three main parts. The first one is about petroleum-based plastic 
materials. The importance for the current society, the production, the main advantages and 
drawbacks and the principal application fields of these materials are reviewed. The second part 
describes the properties and the use of biopolymers from natural resources as realistic and 
sustainable alternative to synthetic ones. A focus of their main properties and application fields 
is presented. The third part reports the main concept regarding composite materials with some 
examples of the combination of natural polymers and natural filler elements to obtain natural 
polymer composites with tuned final properties. 
1.1    Plastics 
Plastic materials are globally considered the innovation that changed completely human habits 
from the middle of 20th century. The term ‘’plastic’’ derived from the Greek word '' πλαστική '', 
meaning “(art) concerning the modeling”. This is related with the principal peculiarity of plastic 
materials, i.e. their malleability during the manufacturing process, allowing the possibility to 
create different shapes, for instance films and fibers as well as bottles and boxes. This can be 
done through different processes, i.e. casting, hot-pressing, extrusion, injection molding, etc. 
Every day, plastic materials are used in form of bags, bottles, packaging, and furniture in multiple 
applications. According to the European association of plastic manufacturers, “PlasticsEurope”, 
the global production of plastics (including thermoplastics, thermosets, elastomers, 
polyurethanes, adhesives, coatings and sealants) reached 348 million tons (Mt) in 2017, with an 




Figure 1.1 World annual plastics production 2007-2017. 
 
Asia is the largest producer continent with an annual production of ~50% of the entire world 
production, followed by Europe with ~19%. China is the largest producer country with an 
annual production of ~29%, while in Europe more than 75% of the plastics demand is 
concentrated in five countries: Germany, Italy, France, Spain, and United Kingdom. Plastic 
materials show incredible numbers also from an economic point of view. They represent a 
leading resource capable of creating an interconnection between industrial innovation and life 
quality. Considering just Europe, over 1.5 million people are employed in around 60000 
companies with an estimated annual turnover of ~350 billion euros in EU-28 [1]. 
Plastics market is governed by the so-called “big six plastics” group: polyethylene (PE), 
polypropylene (PP), polyvinyl chloride (PVC), polyurethane (PU), polyethylene terephthalate 
(PET) and polystyrene (PS), Figure 1.2. All of them are petroleum-based synthetic polymers 
with remarkable behaviour in terms of processability, durability, cost-sustainability, 




Figure 1.2 The “big six plastics” group with their main applications. 
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Thanks to their properties, synthetic polymers are ideal candidates for a broad range of 
different applications and markets including packaging (39.7%), building and construction 
(19.8%), automotive (10.1%), electrical and electronic (6.2%), household, leisure and sports 
(4.1%), agriculture (3.4%) and others (16.7%), as shown in Figure 1.3 [1]. In particular, 
packaging materials stand out from this ranking. With ~40%, packaging is the largest field of 
application for synthetic polymers, with a predominantly use of PE, PP, and PET. Usually, the 
average lifetime of disposable single-use packaging materials ranges from 5 minutes to 1 year 
whereas they take ~300-400 years to start degrading in environmental conditions. According to 




Figure 1.3 Distribution of plastics demand by market segments in 2017. 
 
In fact, the transformation process of synthetic polymers towards common plastic materials is 
mainly based on chemical modifications of non-renewable resources. Moreover, the huge and 
uncontrolled use of non-biodegradable plastic materials is contributing to the increased 
environmental pollution rate due to the use of harmful chemicals during their production 
process, including monomer production (in particular, those that derive from the hydrocarbon 
cracking such as ethylene, propylene, butane, styrene, vinyl chloride, etc.), and to their strong 
resistance to biodegradation [5, 6]. Thus, the environmentally unfriendly nature of synthetic 
polymers together with the unpredictable price fluctuation and the continuous depletion of the 
fossil resources represent the main drawbacks of these materials. A summary of the main 







Table 1.1 Main advantages and drawbacks of petroleum-based synthetic polymers. 
Advantages Drawbacks 
Easy processability 
Low cost/high performance ratio 









In any case, the huge amount of waste generation is undoubtedly the worst consequence related 
to the use of petroleum-based plastics. A recent global analysis of all mass-produced plastics 
ever made, including thermoplastics, thermosets, polyurethanes, elastomers, coatings, and 
sealants, report that, as of 2015, approximately 6300 Mt of plastic waste had been generated, 
around 9% of which had been recycled, 12% was incinerated, and 79% was accumulated in 
landfills or in the natural environment [7]. Since plastic wastes can persist for hundreds or even 
thousands of years in the environment without biodegrading, it is clear the extent of the 
situation. According to the United Nations, a truckload of plastic waste is poured into the sea 
every minute [8]. To make things even more harmful, plastic materials are capable to break 
down over time because of the environmental conditions, such as UV light or heat, into small 
toxic fragments that finish widespread within the marine environment [9, 10]. Since a great 
amount of plastic materials wastes are not properly managed, they finish as litter in rivers, lakes, 
and seas. As a consequence, these plastic debris have significant harmful effects on the marine 
environment because of their persistence and effects on the oceans, wildlife, and, potentially, 
humans [7, 11]. In fact, 44% of all seabird species are known to ingest plastic and 267 species 
of marine organisms worldwide are known to have been affected by plastic debris, a number 
that will increase as smaller organisms are assessed [12]. Marine plastic debris can be divided 
into two categories: macro (>5 mm) and micro (<5 mm). Macro-debris may sometimes be 
traced to its source by object identification or markings, whereas micro-debris are difficult to 
trace and extremely difficult to remove from open ocean environments [13, 14]. Figure 1.4 
shows the degradation time of some of the most common materials made of petroleum-based 
plastics. As shown in the graph, a cigarette butt can persist for 1-5 years, followed by plastic 
bags (10- 20 years). Plastic film containers, usually used in food packaging, degrade in 20-30 
years. Foamed plastic cups and plastic buoys persist for 50 and 80 years, respectively, whereas 
disposable diapers and plastic beverage bottles remain 450 years. Finally, plastics from filament 
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fishing line do not degrade until around 600 years. All these degradation times are very high in 
comparison with natural sources such as banana peel (2-5 weeks) or the apple core (2 months). 
Consequently, the substitution of these petroleum-based synthetic polymers is becoming a 
must-take action and the search for environmentally friendly alternatives is gaining increasing 
attention in the scientific community as well as in the industrial production. 
 
 
















1.2    Biopolymers – a sustainable alternative 
To overcome petroleum-based synthetic polymers’ drawbacks, the design and the production 
of biodegradable materials with similar properties to the conventional plastic ones is considered 
a sustainable and realistic alternative [15]. In this context, the use of natural biopolymers from 
renewable resources to produce bioplastics is an emerging reality. In these recent years, different 
biopolymers including cellulose, lignin, starch, chitosan, terpenes, proteins and polyesters have 
been proposed as building blocks for the fabrication of bio-based plastic materials [16-18]. The 
main advantages and drawbacks about the use of these biopolymers are presented in Table 1.2. 
The renewable nature of these biopolymers is certainly the principal advantage together with 
the possibility to exploit waste by-products from agricultural and food industry. These 
represents two fundamental steps for the implementation of a circular “green” process for the 
production of plastic materials. Moreover, all these natural resources present no health hazards 
and no toxicity, with high biodegradability properties (most of them are fully biodegraded in 
short times). Nevertheless, natural biopolymers show also some drawbacks. The use of 
renewable resources, in substitution of fossil-fuel based plastics, involves an intensified farming 
with a massive use of fertilizers. This situation could lead to a double problem: from one side a 
competition with the food production and, secondly, an increase of the greenhouse gases related 
to the use of chemical hazardous fertilizers. Besides, the biodegradation properties of renewable 
plastics can be triggered only in presence of water and oxygen, hence limiting the biodegradation 
conditions. 
 
Table 1.2 Main advantages and drawbacks about the use of biopolymers. 
Advantages Drawbacks 
Use of renewable resources 
Circular use of agricultural wastes 
Environmentally friendly 
No health hazards  
No toxicity 
Biodegradation 
Extensive use of fertilizers 
Threat to the biodiversity 
Competition with food production 
Need of water and oxygen for 
biodegradation 
 
In general, biopolymers can be classified in three main subgroups, according to their origin. The 
first group includes biopolymers extracted from biomass, including cellulose, hemicellulose, 
lignin, starch, chitosan, alginate, terpenes, proteins, and polyester from aleuritic acid (i.e. 
21 
 
polyaleuritate). The second group involves biopolymers produced by microorganisms, i.e. 
polyhydroxyalkanoates (PHA). In the third groups there are biopolymers synthesized using 
biotechnology like polylactic acid (PLA). A general scheme is proposed in Figure 1.5.  
 
 
Figure 1.5 Classification of biopolymers according to their origin. 
 
Taking into consideration biopolymers from biomass, cellulose is the most abundant 
biopolymer in the world, serving as a renewable polymer and a sustainable carbon source for 
the green economy [3]. Cellulose is a ubiquitous structural polymer that confers its mechanical 
properties to higher plant cells. Its total annual biomass production is about 1.5×1012 tons [19]. 
It can be found in the plant cell walls, some bacteria, marine algae, tunicates, and fungi [19, 20]. 
It is composed of very long linear polymer chains of D-glucose units linked by β-1,4-glycosidic 
bonds. Its main important properties are its complete biodegradability, lightweight, and good 
mechanical properties [21]. Cellulose is mainly used as a construction and packaging material 
and for textiles, paper, and cardboard [22]. Hemicellulose consists of β-1,4 linked glycans with 
various substitutes. One of the most common subgroups of hemicellulose are xylans whose 
chemical structure is made up of β-1,4-linked xylose residues with side branches of α-
arabinofuranose and α-glucuronic acids. It contributes to the cross-linking of cellulose 
microfibrils and lignin through ferulic acid residues [23-25]. Xylans are commercially used in 
different activities including bread and livestock industries and as a natural food sweetener and 
second generation fuel, to mention a few [26, 27]. Lignin is the second most abundant natural 
polymer after cellulose, with an annual production of ~500 million tons [28]. It is considered 
the polymer matrix that provides rigidity, compressive strength, and protection against water 
from the external environment to the cell wall. Lignin is a highly branched and amorphous 
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biopolymer with characteristic aromatic structures (i.e., monolignol monomers such as p-
coumaryl, coniferyl, and sinapyl alcohols).  It is used in different applications, for instance as a 
filler in composite plastic materials, cosmetics, and fire retardants and as feedstock for biofuel 
production [29, 30]. Another important polysaccharide is starch. It is the major carbohydrate of 
tubers and crops. The molecular structure of starch consists of a combination of linear 
macromolecules, known as amylose, and branched macromolecular chains, known as 
amylopectin [31]. Chitosan is a linear polysaccharide composed of randomly distributed β-(1,4)- 
linked D-glucosamine and N-acetyl-D-glucosamine. It can be mainly found in the chitin shells 
of shrimps and other shellfish [32]. On the other hand, alginate is another natural polysaccharide 
derived from marine plants, whose structure consists of linear unbranched polymers composed 
of β-D-mannuronate (M) and α-L-guluronate (G) residues covalently linked with (1-4) glicosidic 
bonds [33]. It is nontoxic, water soluble, and used in different applications such as food additives 
and packaging, biomedicine, wound dressing, and textiles in form of films, fibers, and gels [34-
36]. Terpenes are biosynthetically derived from isoprene units, with molecular formula C5H8. 
They are the main components or resins produced by plants, particularly conifers. Terpenes 
family includes natural rubber, poly(cis-1,4-isoprene), which makes up more than 40% of the 
rubber market [3]. Finally, proteins are macromolecules consisting of one or more long chains 
of amino acid residues. Main proteins used as raw materials to produce bioplastics are soy 
protein, zein, wheat protein, and casein. Biopolyesters are biopolymers from microorganism 
and biotechnology. They include polyhydroxyalkanoates (PHA), polyhydroxybutyrates (PHB) 
and polylactic acids (PLA). One particular case of biopolyester is polyaleuritate. It is the 
esterified version of aleuritic acid, that represents a non-negligible and important renewable 
feedstock for the production of bio-based long-chain polyhydroxyesters [37]. In particular, 
polyaleuritate comes from interesting hydroxyacids present in shellac, a derivative lac resin used 
as non-toxic coatings for wood, pharmaceuticals and food. The major component of shellac is 
9,10,16-trihydroxyhexadecanoic (aleuritic) acid.  
The main biopolymers, their monomeric units and their main applications are summarized 









Table 1.3 Main biopolymers with their monomeric units and main applications. 






- Paper manufacturing 
- Construction/building 




- Paper manufacturing 
- Biorefinery 
- Filler agent in composites 
- Furniture 
- Automotive parts 
Starch 
 








- Water purification 
- Wound dressing 
- Encapsulation  
- Drug release 
Terpenes 
 
- Epoxy resins 





- Biomedical applications 







1.3    Natural polymer composites 
As pointed out in the previous paragraph, the use of biopolymers from renewable resources for 
the fabrication of plastic-like materials represent a realistic and sustainable alternative to the use 
of petroleum-based synthetic polymers. In absolute terms, extracted natural polymers can 
achieve encouraging performance, but still lower with respect to their synthetic counterparts, in 
particular concerning mechanical properties, humidity resistance, optical properties, oxygen 
barrier, etc. Therefore, current research projects are focusing both on the study of natural 
resources and on their functionalization for the development of novel materials with tuned 
properties.  
In this context, composite materials depict the gold standard. They can be defined as 
materials that consist of two or more chemically and physically phases separated by a distinct 
interface [38]. Thanks to the synergic effect of these phases, an optimized final system with 
tuned structural and functional properties, unreachable by any of the constituent alone, can be 
obtained. Composites have become an essential part of today’s materials due to their advantages 
such as low weight, corrosion resistance, high fatigue strength, and faster assembly [38]. The 
main advantages and drawbacks of composite materials are listed in Table 1.4. 
 
Table 1.4 Main advantages and drawbacks of composite materials. 
Advantages Drawbacks 
Superior mechanical properties 
Low weight 
Corrosion resistance 
Possibility to tailored final 
properties 
High raw materials costs 
Difficult to be repaired 




The two main components of composite materials are the matrix, also known as the continuous 
phase, and the filler, also known as the reinforcement or dispersed phase. In addition, 
compatibilizing compounds are used to enhance the affinity between the two different phases. 
Compatibilizers are added to increase interactions between matrix and filler. This has significant 
impact on material cohesion and homogeneity, improving processing properties and strength 
[39]. Most of the physical and chemical properties of the final composite materials are defined 
by the matrix properties itself. On the other hand, the filler phase is responsible for an additional 
enhancement of selected material properties.  
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According to the different matrix nature, various composite materials can be distinguished: 
metal matrix composites (MMCs), ceramic matrix composites (CMCs) and polymer matrix 
composites (PMCs). The latter composite materials dominates over the others in terms of costs, 
simplicity in manufacture, and technical applications [39]. A classification of composite 
materials, based on their matrix, is displayed in Figure 1.6. 
 
 
Figure 1.6 Classification of composites according to their matrix. 
 
Over the past few decades, PMCs have replaced many of the conventional metal/ceramic matrix 
composite materials in various applications. This is possibly because of the advantages polymers 
offer over conventional materials, like easy processability, high performance, and cost reduction 
[40]. PMCs matrices are usually made of synthetic or natural polymers. In many applications, 
the properties of polymers are modified and functionalized by filling with micro- and nano-
materials to suit the high strength/high modulus requirements. Moreover, natural polymers are 
completely replacing their synthetic counterparts due to their excellent properties like 
biodegradability, sustainability, and their ability to be mixed without the use of hazardous 
solvents or chemicals. 
Another classification of composite materials can be made based on their reinforcement 
phase, as shown in Figure 1.7:  
 particle reinforced composites: dispersed phase includes particles of greater rigidity and 
hardness than matrix; external loads are transferred both by matrix and filler, while the 
effective reinforcement is observed when filler content exceeds 20%. 
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 dispersion reinforced composites: the strengthening occurs at microscopic level; external loads 
are transferred by matrix, while reinforcement is effective when filler content does not 
exceed 15%. 
 fiber reinforced composites: filler involve fibers (i.e., glass, graphite, carbon or organic fibers) 
with different properties and behaviour.  
 structural composites: composed of continuous structures of construction components (e.g., 
plywood, rods, etc.). Among various possible types of polymer composite materials, the 
most important ones are nano- and bio-composites that are recently of great interest 
due to their unique properties. 
 
 
Figure 1.7 Classification of composites according to their reinforcement. 
 
Some of the most important polymeric composites are found in nature, both in animal and in 
plants, and they are known as natural polymer composites. For example, wood is the most 
famous natural composite material, made from long cellulose fibers held together by a filler 
element called lignin. Another example of natural composite material is bone. It is made from 
a hard but brittle material called hydroxyapatite and a soft and flexible material called collagen. 
Moreover, the connective tissues in mammals belong to one of the most advanced polymer 
composite, where the fibrous protein, collagen, is the reinforcement. It functions both as soft 
and hard connective tissue [38].  
In order to develop sustainable composite materials, able to replace their synthetic counterparts, 
natural polymers from renewable resources should be exploited both as matrices both as filler 
elements. Furthermore, bio-based fillers are advantageous because of their low cost, light 
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weight, and abundance. With their incorporation into the natural matrix, the amount of bio-
content component can be increased, creating a more environmentally friendly product. Other 
important advantages about the use of bio-fillers are the reduced carbon footprint, their good 
thermal and mechanical properties, the reduced worker respiratory irritation and their 
biodegradability [41]. Nevertheless, bio-fillers present a hydrophilic behaviour with low 
processing temperatures prior to degradation. These drawbacks can influence in a negative way 
their compatibility with matrix polymer and some difficulties in the manufacturing of the 
composites. Typical examples of bio-based fillers are cellulose (in its micro-nanometric form), 
lignin, and the main components of fruits and vegetables like apple, banana, mango, pineapple, 
tomato, etc.) [42].  
Another important aspect to obtain functional polymer composites is the fabrication 
process. In these recent years, different processing methods have been used to exploit the 
properties of natural polymers both for the matrix and for the dispersed phase. In fact, the 
combination of their main characteristics is the keystone for the achievement of tailored final 
all-natural polymer composites. The principal processing methods for the fabrication of 
composite materials include casting, extrusion, injection moulding, compression moulding, resin 
transfer moulding, 3D printing, and compounding [43-45]. In general, the method chosen 
depends principally on how the incorporation of the bio-fillers is carried out and the final 
application of the composites. Casting is the most common method used for the fabrication of 
films. It requires the preparation of a polymer solution which is poured into a mould and dried 
in appropriate conditions. Extrusion is a manufacturing process in which a thermoplastic 
polymer is melted and pushed through a die with a desired cross-section. After a cooling phase, 
the final material with tailored shape is obtained. Injection moulding is a common 
manufacturing process for the production of composite components by the injection of a 
molten material in a mould [46]. It improves the fibers dispersion and the mechanical properties 
of the final material. Compression moulding is another manufacturing method where the 
moulding material, generally preheated, is first placed in an open, heated mould cavity. The 
mould is closed, and a pressure is applied to let the material fit all the mould areas. Heat and 
pressure are maintained until the moulding material has cured. A different kind of fabrication 
method is represented by 3D printing. It is an additive manufacturing technique where the final 










Thermoplastic Cellulose Acetate Oleate 
 
2.1    Introduction 
Cellulose acetate (CA) is one of the most important cellulose derivatives, with an annual 
production of about one million tons. It is synthesized by the reaction of cellulose with acetic 
anhydride and acetic acid in presence of sulfuric acid [47]. CA can occur in different forms 
according to its degree of substitution (DS), i.e. the number of acetyl groups bound to the 
hydroxyl groups of a single anhydroglucose (AGU) unit [48]. CA is used to produce a great 
variety of everyday consumption products such as textiles products, film bases in photography, 
cigarettes filters, and plastic packaging films [49].  
CA presents a rigid mechanical behaviour with high Young’s modulus and stress at break 
values and low elongation at break values [50]. Despite CA shows better hydrophobicity and 
water vapor barrier properties compared to pure cellulose, due to the lower presence of hydroxyl 
groups, it is still a hydrophilic and water absorbing material, with poor barrier properties when 
compared to common petroleum-based plastic materials [51]. Moreover, CA presents a high 
glass transition temperature (Tg) and cannot be melt-processed as a raw material because of its 
thermal properties. For this reason, plasticizers like phthalates (dimethyl and diethyl phthalates), 
terephthalates (dioctyl terephthalate), epoxies (soybean oil), and aliphatics (diacetin, triacetin, 
glycerol) are usually added to cellulose acetate [52, 53]. These substances allow the melting of 
the polymers without thermal degradation [54].  
CA can be chemically modified to synthesize cellulose acetate mixed esters. These polymers 
consist of cellulose chains esterified with acetate and longer ester groups. Some important 
examples are cellulose acetate butyrate (CAB), cellulose acetate propionate (CAP), and cellulose 
acetate phthalate (CAPh) [55]. All of them present better solubility, hydrodynamic, and thermal 
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properties compared to CA. Nevertheless, their mechanical properties and processability remain 
poor in comparison to common synthetic polymers such as polyethylene (PE) or polypropylene 
(PP) [56]. For this, CA functionalization with different saturated fatty acids, ranged between C6 
and C20, has been extensively investigated [57, 58]. The chemical modification with non-
saturated fatty acids (i.e., unsaturated, ω-carboxyesters, or hydroxylated fatty acids) is less 
frequent [59, 60].  
Oleic acid (OLA) is a monounsaturated ω-9 fatty acid, member of the sub-group called long 
chain fatty acid (LCFA), and it occurs naturally in various animal and vegetable fats and oils 
[61]. OLA is commonly used as a filler element in polymer science, an emulsifying agent in 
aerosol products as well as emollient and excipient in pharmaceutical products [62]. The effect 
of OLA on the thermal and mechanical properties of other biopolymers (proteins and some 
cellulose derivatives) films has been investigated [63, 64]. In particular, OLA was able to reduce 
the water vapor permeability, to impart flexibility and stretchability and to decrease the glass 
transition temperature of such biopolymers. 
 
2.2    Objectives 
The main objectives of this Chapter 2 are the study of the effect of oleic acid as a functionalizing 
and plasticizing agent for cellulose acetate and the fabrication of cellulose acetate oleate films, 
Figure 2.1. Chemical, mechanical, thermal, hydrodynamic characterization as well as antioxidant 
and barrier properties of the final materials are evaluated. The results of this Chapter have been 
published in “G. Tedeschi et al., Chemical Engineering Journal 348 (2018) 840-849” [65]. 
 
 
Figure 2.1 Schematic diagram of the fabrication of cellulose acetate oleate films. 
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2.3    Materials and methods 
 
2.3.1   Materials 
Oleic acid (cis-9-octadecenoic acid), cellulose acetate (39.3 - 40.3% acetyl wt.%), chloroform, 
acetone, dimethyl formamide, ethanol, 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH·), 
trifluoroacetic acid (TFA), and trifluoroacetic anhydride (TFAA) were purchased from Sigma-
Aldrich and used without additional purification. 
2.3.2   Preparation of cellulose acetate oleate films 
The synthesis of cellulose acetate-oleate mixed ester samples (labelled as OLA/CA) was carried 
out following an esterification reaction with a mixed anhydride system [60]. First, a cellulose 
acetate solution was prepared by dissolving 225 mg of cellulose acetate powder in 15 mL of 
TFA:TFAA (2:1, v:v) mixture in a 80 mL closed flask and stirred at 80°C for 30 minutes. Then, 
oleic acid (in a molar ratio 1:1 with respect to the cellulose acetate repeating unit) was dissolved 
in 15 mL of chloroform. Both solutions were blended and stirred at 80°C for 24h. An excess of 
cold methanol was added to the reaction mixture and the precipitate was filtered off, washed 
several times with cold methanol, and re-dissolved in acetone. The solution was casted on a 
glass Petri dish (9 cm diameter) and kept under a chemical hood until the complete evaporation 
of the solvent. After this step, free-standing films were obtained. The films were washed with 
water and cold methanol three times for each solvent. The samples were then dried at room 
temperature for 24 h under vacuum in order to remove any residual solvent from the samples. 
Similarly, control samples of CA in Acetone (labelled as CA/Acetone) and in 
TFAA:TFAA:CHCl3 (1:2:3, v:v:v) (labelled as CA/TFA) were prepared by dissolving 225 mg of 
CA in 30 mL of solvent in 80 mL closed flasks and stirred at 80°C for 24 h. After solution’s 
drop-casting, solvent evaporation, and washing with water and cold methanol, free-standing 




Figure 2.2 Macroscopic appearance of CA/Acetone, CA/TFA and OLA/CA, respectively. 
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2.3.3   Morphological and chemical characterization 
Scanning electron microscope (SEM) images were acquired using a JEOL JSM-6490LA, 
operating at 10 kV acceleration voltage. The samples were coated with a 10 nm thick gold film. 
Imaging operation was carried out with the secondary electrons in order to analyze the 
morphology of the samples.  
X-ray diffraction (XRD) measurements were performed on a PANalytical Empyrean X-ray 
diffractometer using a Cu Kα anode (λ=1.5406 Å) operating at 45 kV and 40 mA. The 
diffraction patterns were collected in the range 2–70° 2θ with a 0.04° step size. The crystallinity 
degree for the samples has been calculated by the ratio between the area of the crystalline part 
and the area of the total domain, defined as χc.  
For Nuclear Magnetic Resonance (NMR) characterization, typically 7 mg of compounds 
were dissolved in both 1 mL of CDCl3 and in DMSO-d6, to better exploit the polymer solubility 
and the dynamic properties of different nuclei (1H and 13C) in diverse solvents. Indeed the 1H 
NMR spectrum in CDCl3 returns a better peak line-shape, more suitable for quantitative 
measurements, while the DMSO-d6 increases the polymer solubility, improving the sensitivity 
for the 13C spectra. All the NMR spectra were acquired on a Bruker Avance III 600 MHz 
spectrometer, equipped with 5 mm QCI cryoprobe, at a temperature of 298 K, after a 90° pulse 
optimization on each sample tube. 1H NMR spectra were measured with 64 transients, an inter-
pulses delay of 30s, over a spectral width of 20.56 ppm (offset at 4.7 ppm). Free induction 
decays (FIDs) were Fourier transformed using an exponential apodization of 0.1 Hz. An inverse 
gated decoupling acquisition scheme was used for 13CNMR spectra, with 5120 transients, a 
relaxation delay of 5 s, over a spectral width of 239 ppm (offset at 100 ppm). FIDs were Fourier 
transformed, by using an exponential apodization of 1 Hz. The signals employed for the 
calculation of the degrees of substitution were deconvoluted before the integration by using the 
“line fitting” tool (available with MestReLab 11.03) that utilizes a Lorentzian-Gaussian function 
for the peak fitting. 
Size-exclusion Chromatography (SEC) measurements were carried out using an Agilent 
1260 Infinity quaternary LC system using two PLGel 5 μm MIXED-C columns at 25 °C and a 
refractive index detector. Tetrahydrofuran (THF) was used to dissolve the samples and as eluent 






2.3.4   Thermo-mechanical characterization 
The thermal degradation of cellulose acetate and cellulose acetate oleate samples was 
investigated through thermogravimetric analysis (TGA) using a Q500 analyzer from TA 
instruments. All measurements were carried out on 3 mg samples in an aluminum pan at a 
heating rate of 10 °C/min, from 30 to 600 °C in nitrogen atmosphere. The weight loss (TG 
curve) and its first derivative (DTG curve) were recorded simultaneously as a function of time 
and temperature.  
Differential scanning calorimetry (DSC) thermograms were acquired with a Diamond DSC 
(Perkin Elmer) from 0 to 250°C for CA/Acetone and CA/TFA, from 0 to 130°C for OLA/CA 
sample, and from -20 to 160°C for pure oleic acid under a dry nitrogen flow (50 mL/min) at 
15°C/min. A holding-cooling-heating cycle was performed. For this analysis, small pieces (5 
mg) were cut from the films and loaded in hermetic aluminium pans before running the DSC 
experiment. In the case of the oleic acid, a small drop was casted on an aluminium pan. The 
melting (Tm) and the glass transition (Tg) temperature were obtained from the second heating 
cycle.  
The mechanical properties of the films were measured by uniaxial tensile test on a dual 
column Instron 3365 universal testing machine equipped with a 500 N load cell. Dog-bone-
shaped samples (25 mm length, 4 mm width) were stretched at a rate of 2 mm min-1. All the 
stress-strain curves were recorded at 25 °C and 44% RH. The tensile measurements were 
conducted according to ASTM D 882 Standard Test Methods for Tensile Properties of Thin 
Plastic Sheeting. Seven measurements were carried out for each sample and the results were 
averaged to obtain a mean value. The Young’s modulus and the stress and the elongation at 
break values were extracted from the stress-strain curves. 
2.3.5   Wettability and barrier properties 
Static water contact angles (W-CA) were measured with the sessile drop method at room 
temperature at five different locations on each surface using a contact angle goniometer 
(DataPhysics OCAH 200). 5 µL droplets of milli-Q water were deposited on the surfaces and 
side view images of the drops were captured. W-CAs were automatically calculated by fitting 
the captured drop shape. To evaluate W-CAs at equilibrium, these values were measured after 
2 min from the deposition of the drop.
 
 
The Owens, Wendt, Rabel & Kälble (OWRK) method was used to calculate the surface 
free energy of the different samples [66]. In this method, the surface tension of a liquid, γl, and 
the surface energy of a solid, γs, are assumed to be the sum of a dispersive part, γ
d, and a non-
dispersive part, γnd. In this case, γd includes dispersion (London) interactions, while γnd includes 
polar, hydrogen, and other van der Waals interactions. Based on the assumption that the work 
of adhesion between a solid and a liquid is equal to a geometric mean of the work of cohesion 
of the solid and the work of cohesion of the liquid, and combining with Young’s equation, it 
can be found that 




𝑑 = 𝛾𝑙(1 + 𝑐𝑜𝑠𝜃) (1) 
where: γs
nd is the non-dispersive component of solid surface energy, γs
d is the dispersive 
component of solid surface energy, γl
nd is the non-dispersive component of liquid surface 
tension, γl
d is the dispersive component of liquid surface tension, and θ is the static contact angle 
of the liquid on the solid. The measured contact angles of water and diiodomethane, with surface 
tension components shown in Table 2.1 [67], were used to calculate the surface energy 
components. 
 
Table 2.1 Surface tension components of three liquids used in the calculation of the surface 
energy components. 
Liquid 𝜸𝒍 (mN/m) 𝜸𝒍
𝒏𝒅(mN/m) 𝜸𝒍
𝒅(mN/m) 
Water 72.8 51.0 21.8 
Diiodomethane 50.8 0.0 50.8 
 
Water vapor permeability (WVP) of the samples was determined at 25 °C and under 100% 
relative humidity gradient (ΔRH%) according to the ASTM E96 standard method. In this test, 
permeation chamber with a 7 mm inside diameter and a 10 mm inner depth were used, filled 
with 400 μL of deionized water (which generates 100% RH inside permeation cell) [68, 69]. The 
samples were cut into circles and mounted on the top of the permeation chambers. The 
permeation chambers were placed in 0% RH desiccator with anhydrous silica gel. The water 
transferred through the film was determined from the weight change of the permeation chamber 
every hour during a period of 8 h using an electronic balance (0.0001 g accuracy) to record mass 
loss over time. The mass loss of the permeation chambers was plotted as a function of time. 
The slope of each line was calculated by linear regression. Then, the water vapor transmission 




WVTR (g (m2d)-1) = 
𝑆𝑙𝑜𝑝𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
           (2) 
WVTR and water vapor permeability (WVP) measurements were replicated three times for each 
film. The WVP of the sample was then calculated as below:  
WVP(g (m d Pa)-1) = 
𝑊𝑉𝑇𝑅 𝑥 𝐿 𝑥 100
𝑝𝑠 𝑥 𝛥𝑅𝐻
            (3)     
where L (m) is the thickness of the sample, measured with a micrometer with 0.001 mm 
accuracy, ΔRH (%) is the percentage relative humidity gradient, and ps (Pa) is the saturation 
water vapor pressure at 25 °C [71, 72]. 
The oxygen permeation tests were performed using an Oxysense 5250i device (Oxysense, 
USA) equipped with a film permeation chamber. This machine operated according to ASTM 
Method F3136-15 (ASTM 1989) [73]. The test was performed at room conditions (23 °C, 50% 
RH). The permeation chamber consisted of a cylinder divided into two parts (sensing well and 
driving well). The sensing well was instrumented with a fluorescence sensor called Oxydots, 
sensitive to the oxygen concentration. This chamber was purged with nitrogen while the other 
one (driving well) was kept open to ambient air. The films were cut into rectangular pieces (6 
cm × 6 cm) and placed inside the chamber. The oxygen transmission rate (OTR) of the films 
was measured by monitoring the oxygen uptake with time. At least ten readings were taken for 
each sample with a minimum coefficient of determination (R2) value of 0.995.  
Water uptake measurements on CA/Acetone, CA/TFA and OLA/CA samples were also 
carried out. Dry samples were weighed on a sensitive electronic balance (0.0001 g accuracy) and 
placed in different humidity chambers. The different humidity conditions were changed before 
each weighing and were set respectively at: 0%, 11%, 44%, 84%, 100%. After remaining in 
humidity chambers for one day, each sample was weighed and the amount of adsorbed water 
was calculated, based on the initial dry weight, as the difference. 
2.3.6   Antioxidant properties 
The antioxidant capacity of the samples was determined through the standard DPPH· free 
radical scavenging method according to the procedure described elsewhere [74]. Briefly, 5 x 5 
mm2 films were added to 3 mL of 0.1 mM DPPH solution in ethanol. The decrease in 
absorbance was determined at 515 nm with a Cary JEOL spectrophotometer at different times. 
All the measurements were performed in triplicate and the results were averaged to obtain a 
mean value. Radical scavenging activity was expressed as the inhibition percentage of free radical 




𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝐴0− 𝐴1
𝐴0
 𝑥 100         (4) 
where A0 is the absorbance value of the control (3 mL of 0.1mM DPPH solution in ethanol) 
and A1 is the absorbance value of the sample at different times.  
2.3.7   Extrusion process 
Cellulose acetate oleate was extruded by using a single screw extruder (Scamex Rheoscam, 
France), mounted with a screw of 20 mm diameter and a length to diameter ratio (L/D) of 20. 
The single screw extruder was operated at 45 rpm and the extruded temperature was 80 ºC. 
Before extrusion, the cellulose acetate oleate films were cut into small pieces in order to feed 
the materials properly to the extruder. 
 
2.4    Results and discussion 
2.4.1   Morphological characterization 
The morphology of CA/Acetone, CA/TFA, and OLA/CA samples was analyzed by SEM, 
Figure 2.3. Top-views of CA/Acetone and CA/TFA samples indicated flat and smooth 
surfaces, while the OLA/CA sample showed a rougher surface, Figure 2.3 (A-C). Interestingly, 
cross-section images displayed important differences between these samples, Figure 2.3 (D-F). 
A partially connected porous cross-section (pore diameter: 2.5-3.0 μm) was observed for 
CA/Acetone sample. On the other hand, CA/TFA cross-section showed a lightly packed 
layered structure. Instead, a densely packed matrix incorporating closed ellipsoidal cells (major 
axis: 3.0 μm, minor axis: 1.4 μm) was found in the OLA/CA cross-section. These differences 
can be ascribed to the different chemical nature of the materials as well as to the different vapor 






Figure 2.3 SEM top-view (A-C) and cross-section (D-F) images of CA/Acetone, CA/TFA, 
and OLA/CA samples, respectively. 
 
2.4.2   Chemical characterization 
CA/Acetone, CA/TFA, and OLA/CA samples were chemically characterized by 1H and 13C 
NMR. Spectra were used to determine the degree of acetylation (DA) and the degree of 
substitution (DS) of oleate groups. The DA was calculated from the quantitative 1H NMR 
spectra as the ratio between the integrated intensity of the signals of the acetyl groups (2.5-1.6 
ppm) and the signals of the CA backbone (5.4-3.0 ppm), Figure 2.4. The degree of acetylation, 
calculated after peak deconvolution, was 2.14 for CA, 2.1 for CA/Acetone, 1.4 for 
CA/TFA, and 2.0 for OLA/CA. The low DA for CA/TFA indicates a hydrolysis induced by 
the TFA/TFAA mixture. However, this effect was largely prevented in presence of oleic acid, 
most likely due to the formation of mixed anhydrides between OLA and TFAA [75]. The degree 
of substitution of oleate group in OLA/CA sample was calculated, after peak deconvolution, 
from the ratio between the integrated intensity of methyl group (the triplet at 0.88 ppm) of the 
oleic moiety and the integrated intensity of the CA backbone signals (5.4-3.0 ppm), resulting in 






Figure 2.4 1H NMR spectra of OLA, CA/Acetone, and OLA/CA samples in CDCl3 and 
CA/TFA sample in DMSO-d6. 
 
The functionalization of CA with OLA was inferred from the 13C NMR spectra in DMSO-d6, 
Figure 2.5. Since free oleic acid shows a CO signal at 174.4 ppm, the absence of such a signal in 
the OLA/CA sample together with the presence of both the CH3 peak at 13.8 ppm and the 
double bound signals (130.2-126.3 ppm), unambiguously attributable to the oleic moiety, 
confirm the esterification of cellulose acetate with OLA. This finding was further corroborated 
by spiking the OLA/CA sample with pure oleic acid, as shown in Figure 2.5. 
 
 
Figure 2.5 13C NMR spectra of CA/Acetone, OLA, OLA/CA spiked with OLA, and 




The molar mass of the polymers was determined by SEC measurements, Figure 2.6. A complete 
description of molecular weight parameters (Mn, Mw and D) is reported in Table 2.2. The Mn 
and the polydispersity (D) values for cellulose acetate (raw material) used in this work were 
68800 g/mol and 2.44, respectively, and for CA/Acetone sample were 70100 g/mol and 2.59, 
respectively. On the other hand, D was similar for CA/TFA with a value of 2.59, while the Mn 
decreased to 52000 g/mol. This could be explained for the deacetylation induced by the 
TFA/TFAA mixture, which reduces considerably the molar mass of the CA repetitive units. 
For OLA/CA sample, the number average molecular mass increased up to 87100 g/mol and 
the polydispersity was again 2.59. It could be postulated that the addition of oleate groups to 
the repetitive units of cellulose acetate can result in this increment. 
 
Table 2.2 Molecular weight parameters - Number average molecular weight Mn, weight 
average molecular weight Mw, and distribution of molecular weight D. 
Sample Mn Mw D 
CA (raw material) 68800 g/mol 168000 g/mol 2.44 
CA/Acetone 70100 g/mol 190800 g/mol 2.59 
CA/TFA 52000 g/mol 134800 g/mol 2.59 
OLA/CA 87100 g/mol 332300 g/mol 2.59 
 
 
Figure 2.6 SEC chromatograms for CA (raw material), CA/Acetone, CA/TFA, and OLA/CA 
samples.  
 
The structure of the polymers was also characterized by analysis of the XRD patterns, Figure 




CA/Acetone and CA/TFA films present a full amorphous character, while strong and narrow 
reflections are observed for OLA/CA film, as supported by oleic acid typical reflections [76, 
77]. Thus, the esterification of cellulose acetate with oleic acid leads to a different crystallinity 
of the samples, confirmed by the 39% degree of crystallinity for the OLA/CA films as derived 
from the corresponding XRD diffractogram. 
 
 
Figure 2.7 XRD patterns of CA/Acetone, CA/TFA and OLA/CA films. The assignment of 
the different diffractions for OLA/CA is included. (χc is the degree of crystallinity). 
 
2.4.3   Mechanical and thermal characterization 
The mechanical properties of CA/Acetone, CA/TFA, and OLA/CA films were measured by 
stress-strain tests. Figure 2.8 shows the typical tensile stress-strain curves. Both CA/Acetone 
and CA/TFA samples exhibited a similar rigid behaviour with steep stress-strain slopes, high 
stress at break and low elongation at break values. The differences between these two samples 
can be associated with the higher presence of hydroxyl groups in CA/TFA, as determined by 
NMR. In fact, these groups can form an extended H-bond network, more similar to pure 
cellulose, which improves the rigid behaviour. On the other hand, OLA/CA sample showed a 
more ductile mechanical behaviour characterized by lower Young’s modulus (260 MPa) and 
stress at break (6.6 MPa) values and higher elongation at break (14.4 %) values. This change 




reduces the interactions between the cellulose polymeric chains. In fact, oleic acid is considered 
a plasticizer with a high compatibility with proteins such as zein and gelatin and several common 
plastics such as polyethylene (PE) and polypropylene (PP) [53, 78]. The measured mechanical 
parameters (i.e., Young’s modulus, stress and elongation at break) for all the samples are 
reported in Table 2.3.  
 
 
Figure 2.8 Typical stress-strain curves for CA/Acetone, CA/TFA, and OLA/CA samples. 
 
Table 2.3 Mechanical parameters (Young’s modulus, stress at break and strain at break) of 
CA/Acetone, CA/TFA and OLA/CA. Data are expressed as mean ± s.d. (n ≥ 7). 
Sample Young’s modulus 
(MPa) 
Stress at break 
(MPa) 
Stress at break  
(%) 
CA/TFA 2312 ± 105 62 ± 4 4.5 ± 0.6 
CA/Acetone 1807 ± 110 36 ± 4 3.1± 0.5  
OLA/CA 260 ± 31 6.6 ± 1  14.4 ± 0.7 
 
Figure 2.9 compares elongation at break versus Young’s modulus data for CA/Acetone, 
CA/TFA, and OLA/CA samples to those of other mixed cellulose esters such as cellulose 
acetate butyrate (CAB) and cellulose acetate phthalate (CAPh) [56, 79], as well as to cellulose 
acetate plasticized with triacetin (TA), diacetin (DA), triethyl citrate (TEC), polycaprolactone-
triol (PCL-T), polyethylene glycol (PEG), propylene glycol (PG), diethyl phthalate (diethyl-P), 
or dimethyl phthalate (diethyl-P) [50, 80-82]. As observed, OLA/CA and CA/Acetone – 
CA/TFA samples are in opposite regions of the graph due to their different mechanical 
response. Plasticized cellulose acetates occupy the gap between them. Interestingly, OLA/CA 




Young’s modulus than CAPh. It should be observed that the radical modification of mechanical 
properties of OLA/CA, compared to pure cellulose acetate materials, suggests that its 
application field should not be the same as the original one. In fact, OLA/CA film has Young’s 
modulus and stress at break values comparable to those of a commodity thermoplastic polymer 
like low-density polyethylene (LDPE) (Young’s modulus: 200-400 MPa, stress at break: 7-10 
MPa) [83]. Thus, while cellulose acetate is mostly used as a rigid and structural polymer, ideal 
applications for OLA/CA film would exploit its flexibility and ductility, for instance in shopping 
bags and packaging materials. 
 
 
Figure 2.9 Ashby plot of elongation at break versus Young’s modulus data for CA/Acetone, 
CA/TFA and OLA/CA samples. Plasticized cellulose acetate (in grey) and different mixed 
cellulose acetate esters (in green) are shown for comparison purposes. 
 
The thermal characterization of CA/Acetone, CA/TFA, OLA/CA and pure OLA samples was 
carried out by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). 
Figure 2.10 shows the thermogravimetric analysis with the corresponding derivative 
thermogravimetric curves of all the samples. CA/Acetone exhibited a single weight loss at 
350°C associated with the thermal pyrolysis of cellulose chains [75], whereas two weight loss 
steps at 180 and 355°C were visible for CA/TFA. The thermal event at lower temperature 
can be attributed to the decomposition by dehydration reaction of hydroxyl groups present in 
the polymer by the hydrolysis by TFA [84]. Pure oleic acid presented a degradation temperature 
at 280°C [85, 86]. Finally, OLA/CA sample was characterized by a two-step thermogram at 




oleate groups, similar to the reported value for metal-oleate complexes [87], whereas the second 
one could be ascribed to the decomposition of the cellulose acetate chains. 
  
 
Figure 2.10 TGA thermograms and degradation temperature’s peak of CA/Acetone, 
CA/TFA, OLA/CA and pure OLA samples. 
 
The thermal properties of the samples were also characterized by DSC, Figure 2.11 (A). 
CA/Acetone showed a melting point at 221°C. In the case of CA/TFA, the melting point 
decreased to 197°C and the peak was wider most likely because of the chemical modifications 
induced by TFA/TFAA treatment. Pure oleic acid presented an intense melting point at 14°C. 
A melting point of 63°C was observed for the OLA/CA sample (due to the crystallinity of the 
polymer, as determined by XRD in Figure 2.7), indicating the thermoplastic behaviour of this 
mixed cellulose ester, allowing the use of this material in extrusion processes. An example of an 
OLA/CA filament extruded at 80°C with a single screw extruder is shown in Figure 2.11 (B). 
The melting value of OLA/CA is close to the melting point of other industrially important 
polymers such as polycaprolactone (Tm = 64°C) and poly(ethylene oxide) (Tm = 66°C) [83]. 
Furthermore, the glass transitions of CA/Acetone and OLA/CA were measured at 162 and 
36°C, respectively. This decrease of Tg and the above-mentioned change of mechanical 
properties from rigid to ductile are indicative of a plasticization of the material induced by the 





Figure 2.11 (A) DSC thermograms showing the melting point (dashed lines) and glass 
transition (arrows) regions of CA/Acetone, CA/TFA, OLA/CA and OLA samples. (B) 
Photograph of an extruded filament of OLA/CA produced by single screw extrusion process. 
 
2.4.4   Water uptake and wettability 
Water uptake and static water contact angle (W-CA) values samples are presented in Figure 2.12. 
As illustrated in Figure 2.12 (A), water adsorption isotherms showed a similar shape, with the 
CA/TFA values slightly higher than CA/Acetone ones and the water uptakes for OLA/CA 
very low. For instance, the water uptake values at 100% RH were 13% for CA/TFA, 11% 
for CA/Acetone, and 3% for OLA/CA. The higher water uptake values for CA/TFA can be 
associated with the presence of a higher number of hydroxyl groups compared to CA/Acetone, 
while the low values for OLA/CA can be attributed to the presence of hydrophobic oleate 
groups. Figure 2.12 (B) shows static water contact angles (W-CA) of CA/Acetone, CA/TA and 
OLA/CA samples. CA/Acetone and CA/TFA samples were hydrophilic with W-CAs of 61° 
and 59°, respectively, whereas OLA/CA sample displayed a hydrophobic behaviour 
characterized by a value of 106° due to the presence of non-polar aliphatic chains of oleate 






Figure 2.12 (A) Water adsorption isotherms of CA/Acetone, CA/TFA and OLA/CA 
samples. (B) Water contact angle of CA/Acetone, CA/TFA and OLA/CA samples (inset: 
schematic representations of the surface morphologies for the different samples). 
 
The surface energy values, expressed as the dispersive and the polar (non-dispersive) 
component, of CA/Acetone, CA/TFA and OLA/CA samples are shown in Figure 2.13 (A). 
The total surface energy of CA/Acetone and CA/TFA samples was similar, with values of 46 
and 43 mJ/m2, respectively, while a significant decrease to 16 mJ/m2 was calculated for 
OLA/CA samples. The lower surface energy of OLA/CA material is related to the increase of 
the dispersive contribution and a lack of polar contribution. This can be attributed to the lower 
number of -OH groups in the CA chain after the esterification with oleic acid. A comparison 
between the surface energies of CA/Acetone, CA/TFA, OLA/CA, pure cellulose and cellulose 
derivatives such as ethylcellulose (EC), hydroxypropyl methylcellulose (HPMC), methylcellulose 
(MC), hydroxypropyl cellulose (HPC), and hydroxyethyl cellulose (HEC) is shown in Figure 
2.13 (B) [88-91]. Most of the compared materials have a surface energy ranged between 35 and 
45 mJ/m2, being CA/Acetone the sample with the highest value. On the other hand, the surface 
energy of the OLA/CA is significantly lower, indicating that this material is less easily wettable 







Figure 2.13 (A) Surface energies of the samples calculated using a two-solvent 
(water/diiodomethane) system (Owens/Wendt Theory) based on the sessile drop technique. 
(B) Comparison of different cellulose derivatives’ surface energy. 
 
2.4.5   Water vapor and oxygen barrier properties 
Barrier properties values for CA/Acetone, CA/TFA and OLA/CA samples are reported in 
Figure 2.14. As shown in Figure 2.14 (A), WVTR and WVP values for CA/Acetone samples 
were 2800 g m-2 day-1 and  7 x 10-5 g (m day Pa)-1, respectively, whereas for CA/TFA samples 
the values increased to 4395 g m-2 day-1 and 8 x 10-5 g (m day Pa)-1, respectively. For the 
OLA/CA films, the WVTR and WVP values were 670 g m-2 day-1 and 1.5 x 10-5 g (m day Pa)-
1, respectively. This is an important decrease of 76% and 78%, respectively, compared to 
CA/Acetone samples, which can be associated with the higher hydrophobicity of the OLA/CA 
samples and the different porosity (open pores for CA/Acetone and close cells for OLA/CA, 
Figure 2.3 D-F, respectively) and crystallinity (Figure 2.7) of both materials. These results 
indicate that there is a correlation between the oleate chain length and WVTR. The grafted 
oleate groups behave like a dense layered structure with a partial crystallinity, as determined by 
XRD, which acts as a water vapor barrier and reduce the water vapor transmission rate in 
OLA/CA films. The presence of oleate groups contribute to generate a tortuous path for the 
passage of water molecules inducing a decrease in WVTR. 
The reduction of water vapor transmission rate due to the grafting of oleate groups in the 
cellulose acetate matrix led to the assumption that it may also decrease the oxygen permeability 
of this esterified film. The results, presented in Figure 2.14 (B), confirm this assumption. The 
OTR of CA/Acetone sample is the highest with a value of 105000 mL m-2 day-1. For CA/TFA 
film the value decreased to 1600 mL m-2 day-1. Such a decrease can be attributed to the 




presence of hydroxyl groups as determined by NMR that can induce an increased residence time 
of the oxygen molecule, resulting in a low permeability [92]. Finally, the OTR of OLA/CA 
sample was 10200 mL m-2 day-1, representing a reduction of 90% respect to CA/Acetone.  
 
 
Figure 2.14 (A) Water vapor transmission rate (WVTR, blue) and water vapor permeability 
(WVP, red) of CA/Acetone, CA/TFA and OLA/CA samples. (B) Oxygen transmission rate 
(OTR) of CA/Acetone, CA/TFA and OLA/CA samples. 
 
 
It is evident that the oxygen permeability significantly decreases due to the grafting of oleate 
groups, which acts as an oxygen barrier in OLA/CA film. In fact, this partially crystalline dense 
layered structure acts as an impermeable obstacle to oxygen molecules motion affecting samples 
gas barrier properties and increasing the tortuosity of the diffusion path. To corroborate this, 
the morphology and crystallinity of the OLA/CA film were modified by solution in chloroform 
and drop-casting, resulting in an amorphous material, as displayed in Figure 2.15. In these 







Figure 2.15 (A) Cross-section SEM images of OLA/CA film amorphized in CHCl3. (B) XRD 
pattern of OLA/CA film after dissolution in CHCl3. 
 
2.4.6   Antioxidant capacity 
The antioxidant capacity of the CA/Acetone, CA/TFA, OLA/CA, and pure oleic acid (OLA) 
samples was measured following the standard DPPH· method [74, 93, 94]. Figure 2.16 shows 
the results for the cellulose acetate derivatives and pure oleic acid. Pure oleic acid presented the 
highest radical scavenging activity (RSA), with a final value of 28 % after 7 h of measurement. 
Such an antioxidant capacity is ascribed to the presence of the double bond in the aliphatic 
chain [95]. OLA/CA samples showed a RSA close to pure oleic acid, with a similar final value 
of RSA (22 % after 7 h) while CA/TFA samples presented a final RSA value of 20 %. Finally, 
as expected due to the lack of functional groups with antioxidant capacity, CA/Acetone 
presented the lowest values of RSA.  
 
 
Figure 2.16 Antioxidant capacity of CA/Acetone, OLA/CA and pure oleic acid by using the 
DPPH· radical scavenging method. (inset: reaction mechanism of DPPH· with a generic 




2.5    Conclusions 
In this Chapter, the synthesis and the properties of a new cellulose mixed ester from cellulose 
acetate and oleic acid have been investigated and described. The synthesis was carried out 
through a mixed anhydride system involving TFA, TFAA, and chloroform. Free standing films 
were obtained after the drop-casting of the solutions and the evaporation of the solvents. As 
confirmed by NMR spectroscopy and SEC chromatography, the TFA/TFAA mixture can 
produce the hydrolysis of acetyl groups, but in presence of oleic acid this deacetylation was 
practically prevented and the fatty acid was esterified. The cellulose acetate-oleate mixed ester 
was found to have a more ductile mechanical behaviour compared to pure cellulose acetate 
samples. Interestingly, the presence of oleate groups decreased the melting point and the glass 
transition temperature of the polymer. These phenomena, together with the ductile behavior, 
suggest that oleate groups act as internal plasticizers of cellulose acetate. Furthermore, the 
presence of oleate groups in the polymeric chains improved the hydrophobicity, decreasing the 
surface energy and the water uptakes values. Finally, the water vapor and oxygen transmission 
rate were considerably decreased due to the chemical grafting of oleate groups onto the 





















3.1    Introduction 
Wood is a porous and fibrous structural tissue found in the stems and roots of trees and other 
woody plants. It is a natural composite material made of robust cellulose fibers that are 
embedded in a matrix of lignin. The main components of wood are cellulose, hemicellulose, 
lignin, and different extractives [96, 97].  
As already described in Chapter 1 - Introduction, cellulose, hemicellulose and lignin are three 
of the most common renewable biopolymers present in the natural environment. A short 
description of their main application fields is reported below. Cellulose is mainly used in paper 
manufacturing, for the production of paper and cardboard, in textile industry, and as a 
construction material. Hemicellulose can be found in different forms with various chemical 
structures and its most common subgroups are xylans. They are exploited for different 
applications, from livestock industry to second generation fuel, and as a natural food sweetener. 
Lignin is a very complex molecule with characteristic aromatic structure that is mainly used as a 
reinforcing material in composite applications as well as a fire-retardant material.  
Since the ancient times, wood has been employed in a broad range of different applications 
of human’s activity, from building to fuel and tools. The by-product from industrial processing 
of wood, i.e. lignocellulosic biomass, is used in combination with synthetic polymers (such as 
polyethylene (PE), polyvinylchloride (PVC) or polypropylene (PP)) to fabricate wood polymer 
composites (WPCs) [98]. This fast growing WPCs sector presents many new chances to exploit 
wood as a filler or reinforcement in polymer composites [99]. In particular, the combination of 
wood filler with biodegradable and bio-based polymers such as poly (lactic acid) (PLA) and 




proposed. The use of bio-based polymers as matrices of WPCs potentially ensures the complete 
biodegradation of the composite. Hence, the applications of WPCs can be extended to both 
relatively short-term (e.g., food packaging) and long-term uses (for example, pallets and 
furnishing), where recycling and ease of after-life management become an added value [100, 
101].  
Trifluoroacetic acid (TFA) is a naturally occurring organic acid that can be biodegraded by 
microbial action and it is one of the typical non-aqueous derivatizing solvents for cellulose [48, 
102, 103]. In presence of TFA, cellulose is selectively trifluoroacetylated in the C6-hydroxyl 
groups and, subsequently, solved in the fluorinated acid. This derivative is readily hydrolyzed in 
water, water vapor, or the moisture in the air, producing free-standing, amorphous, and 
transparent cellulose films. Recently, TFA has been exploited to fabricate bioplastics from 
microcrystalline cellulose and plant wastes as well as blends of cellulose with seaweeds, silk, 
nylon, poly(vinyl alcohol), and nanocellulose [94, 104-106].  
 
3.2    Objectives 
In this Chapter 3, a new methodology to fabricate transparent and multifunctional wood-like 
bioplastics by amorphous reassembly of cellulose, hemicellulose (xylan), and hydrolyzed lignin 
by simple solution in a trifluoroacetic acid (TFA) - trifluoroacetic anhydride (TFAA) as co-
solvent system, as shown in Figure 3.1, is discussed. In particular, different percentage of these 
biopolymers, simulating the chemical composition of natural woods, are tested. Main changes 
in optical, chemical, mechanical, thermal, hydrodynamic, and barrier properties among the 
samples are reported. Moreover, the effect of the increasing lignin content on antioxidant and 
antimicrobial properties are studied. The results of this Chapter have been published in “G. 
Tedeschi et al., Biomacromolecules 21, 2, (2020) 910-920 [107]” 
 
 




3.3    Materials ad methods 
3.3.1   Materials 
High-purity microcrystalline cellulose (MCC, crystallinity ~79%) from cotton linters, 
hydrolyzed lignin (alkali), 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium 
salt (ABTS), potassium persulfate, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid 
(Trolox), trifluoroacetic acid (TFA), and trifluoroacetic anhydride (TFAA) were purchased from 
Sigma-Aldrich. Xylan (from corn core) was purchased from TCI Europe. All the materials and 
the solvents were used without any further purification. Escherichia coli (E. coli ATCC 25922) was 
used for the antimicrobial test and LB agar plates and LB liquid medium were purchased from 
USB Corporation (Cleveland, OH, USA). 
3.3.2   Fabrication of bioplastic films 
Wood-like bioplastics were prepared by a drop-casting procedure. First, separated solutions of 
cellulose, hydrolyzed lignin, and xylan were prepared by dissolving 1.5 g of these polymers in 
100 mL of TFA:TFAA (2:1, v:v) mixture in 150 mL closed flasks and stirring at 80 °C for 45 
min. Then, the solutions were blended to achieve the chemical compositions described in Table 
3.1, drop-casted on glass Petri dishes (9 cm diameter), and kept under a chemical hood until the 
complete evaporation of the solvent (3 days). After this, free-standing films were obtained. All 
the films were washed with water and cold methanol three times for each solvent and were dried 
at room temperature for 24 h under vacuum to remove any residual solvent. Control samples 
of pure biopolymers were prepared by following the same procedure, but without blending. 
Cellulose (labelled as C-100) and xylan (X-100) formed free-standing films, while hydrolyzed 
lignin (L-100) did not form films, as shown in Figure 3.2. 
 
Table 3.1 Labelling and different proportions of cellulose, hydrolyzed lignin, and xylan of the 
samples used in this work. 







LX-0 50 0 50 
LX-12.5 50 12.5 37.5 
LX-25 50 25 25 
LX-37.5 50 37.5 12.5 





Figure 3.2 Photographs of control materials C-100, X-100, and L-100, respectively. As 
observed, L-100 does not form a free-standing film. 
 
3.3.3   Structural and optical characterization 
XRD measurements were performed by using a PANalytical Empyrean X-ray diffractometer 
equipped with a1.8 kW Cu Kα ceramic X-ray tube, PIXcel3D 2X2 area detector and operating 
at 45 kV and 40 mA. The diffraction patterns were collected in Parallel-Beam (PB) geometry 
and symmetric reflection mode using a zero-diffraction silicon substrate over an angular range: 
2θ = 10-70°, with a step size of 0.03° and a scan speed of 0.1° s-1. 
 Transparency was determined as the normalized transmittance according to the standard 
ASTM D1746 by using a UV spectrophotometer Varian Cary 6000i (USA) [108]. Bioplastics 
were cut into a rectangular piece and directly placed in the spectrophotometer test cell. An 
empty test cell was used as the reference. Five measurements were taken from different samples 
and the results were averaged to obtain a mean value. Normalized transmittance, in percentage, 
was calculated as indicated below: 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 (%) =
log %𝑇
𝑏
× 100             (5) 
where %T is the transmittance at 600 nm and b is the thickness of the sample (mm).  
3.3.4   Thermal and mechanical characterization 
The thermal degradation behaviour of wood-like bioplastic samples was investigated through 
thermogravimetric analysis (TGA) using a Q500 analyzer from TA Instruments. The 
measurements were carried out under an inert N2 atmosphere on 3 mg samples in an aluminium 
pan at a heating rate of 10°C/min, from 30 to 600°C. The weight loss (TG curve) and its first 
derivative (DTG curve) were recorded simultaneously as a function of time and temperature.  
The mechanical properties of samples were characterized by uniaxial tensile tests on a dual 
column Instron 3365 universal testing machine equipped with a 500 N load cell. The tensile 




Properties of Thin Plastic Sheeting. For this, dog-bone shaped samples (25 mm length, 4 mm 
width) were stretched at a rate of 2 mm/min. Stress-strain curves were recorded at 25°C and 
44% RH. A minimum of seven measurements were carried out for each sample and the results 
were averaged to obtain a mean value. The values of Young’s modulus, toughness (taken as the 
area below the curve, i.e. the fracture energy), stress and elongation at break were calculated 
from the stress-strain curves. 
3.3.5   Hydrodynamic and barrier characterization 
To characterize the surface wettability of the samples, static water contact angles (W-CA) were 
measured with the sessile drop method at room temperature at five different locations on each 
surface using a contact angle goniometer (DataPhysics OCAH 200). 5 µL droplets of milli-Q 
water were deposited on the surfaces and side view images of the drops were captured. W-CAs 
were automatically calculated by fitting the captured drop shape and after 2 minutes from the 
drop deposition on the surface in order to consider values at equilibrium. 
Water uptake measurements were also carried out. Dry samples were weighed on a sensitive 
electronic balance (0.0001 g accuracy) and placed in different humidity chambers. The different 
humidity conditions were changed before each weighing and set respectively at 0 and 100%. 
After remaining in the humidity chambers for one day each sample was weighed and the amount 
of adsorbed water was calculated based on the initial dry weight as the difference.  
Water vapor permeability (WVP) was determined at 25 °C and under 100% relative humidity 
gradient (ΔRH%) according to the ASTM E96 standard method. In this test, permeation 
chambers with a 7 mm inside diameter and a 10 mm inner depth were used and filled with 400 
μL of deionized water (which generates 100% RH inside permeation cell) [41]. The samples 
were cut into circles and mounted on the top of the permeation chambers. The permeation 
chambers were placed in a desiccator with anhydrous silica gel, which was used as a desiccant 
agent to maintain 0% RH. The water transferred through the film was determined from the 
weight change of the permeation chamber every hour during a period of 8 h using an electronic 
balance (0.0001 g accuracy) to record mass loss over time. The mass losses of the permeation 
chambers were plotted as a function of time. The slope of each line was calculated by linear 
regression. Then, the water vapor transmission rate (WVTR) was determined as indicated below 
[69]: 
        WVTR (g (m2d)-1) = 
𝑆𝑙𝑜𝑝𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒




WVTR and water vapor permeability (WVP) measurements were replicated three times for each 
film. The WVP of the sample was then calculated as follows:  
          WVP(g (m d Pa)-1) = 
𝑊𝑉𝑇𝑅 𝑥 𝐿 𝑥 100
𝑝𝑠 𝑥 𝛥𝑅𝐻
                     (3) 
where L (m) is the thickness of the sample, measured with a micrometer with 0.001 mm 
accuracy, ΔRH (%) is the percentage relative humidity gradient, and ps (Pa) is the saturation 
water vapor pressure at 25°C [71, 72].  
The oxygen permeation tests were performed using an Oxysense 5250i device (Oxysense, 
USA) equipped with a film permeation chamber. This machine operated according to ASTM 
Method F3136-15 (ASTM 1989) [73]. The test was performed at room conditions (23 °C, 50% 
RH). The permeation chamber consisted of a cylinder divided into two parts (sensing well and 
driving well). The sensing well was instrumented with a fluorescence sensor called Oxydots, 
sensitive to the oxygen concentration. This chamber was purged with nitrogen while the other 
one (driving well) was kept open to ambient air. The films were cut into rectangular pieces (6 × 
6 cm2) and placed inside the chamber. The OxySense fiber optic pen measures the oxygen 
reading from the Oxydots, at specific time intervals. The oxygen transmission rate (OTR) of the 
films was measured by monitoring the oxygen uptake with time. Oxysense OTR software used 
this oxygen evolution to determine the OTR of the samples. At least ten readings were taken 
for each sample with a minimum coefficient of determination (R2) value of 0.995. 
3.3.6   Antioxidant and antimicrobial properties 
The antioxidant capacity was measured following the ABTS free radical cation scavenging assay. 
The ABTS radical cation (ABTS·+) was generated by the reaction between 7 mM ABTS solution 
with 2.45 mM potassium persulfate solution in the dark at room temperature for 12-16 hours 
[74, 94]. The ABTS·+ solution was diluted with water to obtain an absorbance of 0.80 a.u. at 
734 nm. After that, 5 × 5 mm2 films were added to 3 mL of diluted ABTS·+ solution. The 
decrease in absorbance was determined at 734 nm with a Cary JEOL spectrophotometer at 
different times. Trolox, a water soluble analogue of vitamin E, was used to prepare the 
calibration curve. The measurements were performed in triplicate and the results were averaged 
to obtain a mean value. Radical scavenging activity was expressed as the inhibition percentage 
of free radical by the sample and calculated as follows: 
           𝑅𝑎𝑑𝑖𝑐𝑎𝑙 𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (%) =  
𝐴0− 𝐴1
𝐴0




where A0 is the absorbance value of the control radical cation solution and A1 is the absorbance 
value of the sample at different times. Curves were normalized according to the cellulose present 
in the samples.  
Antimicrobial activity of LX-0, LX-12.5, LX-25, LX-37.5, LX-50 samples and of C-100, L-
100, X-100 were tested against Escherichia coli (E. coli). The infiltration test was performed 
according to Picone et al. [109]. First, pieces of the films (1 cm diameter) were sterilized under a 
UV lamp at 254 nm for 30 minutes and placed on LB agar plate. 2 μL of a diluted (1:105) E. coli 
o.n. culture solution were dropped in the center of the biomaterial surface. 2 μL of the same 
bacterial solution were dropped directly on a LB plate which was used as control. Then, all the 
plates were incubated at 37 °C o.n. Pieces of agar of about 0.3 cm diameter from the area under 
the biomaterials and from the control were punched and incubated in LB liquid medium. After 
2 h, the bacterial growth was determined by spectrophotometric measurement (OD600).   
3.3.7   Biodegradation tests 
Biodegradability was evaluated on selected samples through a standard biochemical oxygen 
demand (BOD) test by measuring the oxygen amount consumed during a biodegradation in 
water [110]. For each sample, three measurements were collected and the results were averaged 
to obtain a mean value. Weighed samples (200 mg) were minced and immersed in 432 mL 
bottles containing seawater collected from the Genoa (Italy) area shoreline. Oxygen consumed 
during the biodegradation process was recorded at different time intervals by using sealed 
OxyTop caps on each bottle which can assess the oxygen levels. BOD from blank bottles filled 
with only seawater was also measured as controls. 
 
3.4    Results and discussion 
3.4.1   Structural and optical characterization 
Figure 3.3 (A) shows a photograph with all the wood-like bioplastics. LX-0 was a colourless, 
high transparent film, as typically shown by cellulose and xylan amorphous dry films, Figure 
3.3(A) and bottom inset of Figure 3.3 (B) [111, 112]. As expected, the addition of hydrolyzed 
lignin induced a decrease of transparency and darker colour in the samples, because of the 
presence of visible radiation-absorbing aromatic repetitive units in its chemical structure. The 
colour ranged from yellowish-brownish for LX-12.5 to dark brown-black for LX-50. Figure 3.3 
(B) presents the opacity values as a function of the hydrolyzed lignin content. Transmittance 




LX-0 to 16% for LX-50 (high opacity). This increase in the opacity was also observed as a rise 
of the background in the UV-VIS spectra of LX films, inset of Figure 3.3 (B).  
 
 
Figure 3.3 (A) photographs of wood-like bioplastic materials. (B) normalized transmittance 
measurements of wood-like samples. Top inset: UV-vis spectra of LX-0, LX-25 and LX-50 
samples with the same thickness in the range of visible light spectrum. Bottom insets: 
macroscopic appearance of LX-0, LX-25 and LX-50 samples. 
 
The structure of the wood-like bioplastics was also characterized by XRD diffraction analysis, 
Figure 3.4. The XRD patterns did not show significant differences for wood-like bioplastics, 
Figure 3.4 (A). All the samples displayed a similar amorphous behaviour with a broad halo at 
19-20º [104]. Nevertheless, L-100 control sample showed characteristic diffraction peaks in 
the 2θ angle range between 20° to 40° and between 50° to 70°. These peaks are directly related 
with the acid hydrolysis of lignin [113]. In fact, they correspond to some remaining inorganic 
salt crystals, i.e. sodium sulfate minerals, in the final hydrolyzed lignin as shown in the peak 






Figure 3.4 XRD patterns of wood-like bioplastics (A) and control samples (B), with the 
expected peak position reference for Na2SO4 (orange, ICSD 98-000-2895). 
 
3.4.2   Thermal and mechanical characterization 
The thermal stability of the wood-like bioplastics and control samples (C-100, L-100, and X-
100) was evaluated by TGA, Figure 3.5. As displayed in the graphs, L-100 sample exhibited a 
single weight loss at 250 °C. Such thermal event has been previously reported for the 
decomposition of hydrolyzed lignin [114]. On the other hand, cellulose and xylan exhibited a 
single weight loss attributed to their thermal degradation at 326 and 320 °C, respectively [115]. 
The wood-like bioplastics showed two weight losses, the first one between 239-242 °C 
associated with the lignin decomposition and the second one between 289-320 °C related to the 
polysaccharide degradation.  
 
 
Figure 3.5 (A) TGA thermograms and (B) derivative thermogravimetric curves of wood-like  




The typical stress-strain curves are displayed in Figure 3.6, while the calculated mechanical 
parameters (i.e., Young’s modulus, elongation and stress at break, and toughness) are reported 
in Table 3.2. The addition of hydrolyzed lignin modified the mechanical behaviour of the 
samples, from a relatively good ductility for LX-0 and LX-12.5 characterized by lower Young’s 
moduli and stress at break values and higher elongations at break to a more rigid behaviour for 
LX-25, LX-37.5, and LX-50 samples with higher Young’s moduli and stresses at break and 
lower values of elongation at break. Similarly to natural wood, this variation can be ascribed to 
the plasticizing effect of xylan and the stiffness and rigidity provides by lignin [116-119]. 
Furthermore, the toughness of LX films decreased with the hydrolyzed lignin content from 
365 mJ/mm3 for LX-0 sample to 170 mJ/mm3 for LX-50 sample, as shown in Table 3.2. 
This could be explained by the dependence of toughness on the ductility of the materials. 
Therefore, in these wood-like bioplastic, xylan is also responsible for the increase in the 
toughness values [120-122]. 
 
 
Figure 3.6 Typical stress-strain curves of wood-like bioplastics. 
 
Table 3.2 Mechanical parameters (Young’s modulus, stress at break and strain at break) of 












LX-0 752 ± 130 22 ±2.7 13 ± 1.8  365 ± 22 
LX-12.5 1015 ± 200 33 ± 5 12.4 ± 1.7 346 ± 25 
LX-25 1517 ± 200  39 ± 2 8.8 ± 1.5 307 ± 21 
LX-37.5 1563 ± 120  39 ± 2.1 7.7 ± 1.2 290 ± 17 





To point out the current applicability of wood-like bioplastics in real applications, a comparison 
has been made. In particular, Figure 3.7 compares the values of stress and elongation at break 
versus Young’s modulus for LX samples with other common petroleum-based synthetic 
polymers such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), 
polypropylene (PP), thermoplastic polyurethane (TPU), and bio-based and biodegradable 
polymers like thermoplastic starch (TPS), polycaprolactone (PCL), poly(vinyl alcohol) (PVA), 
and polyhydroxybutyrate (PHB), and wood-like composite materials (i.e., bagasse film, xylan 
film, amorphous cellulose film and PHB with wood fibers) [105, 117, 123-128]. Wood-like 
bioplastics with higher lignin content (i.e., LX-25, LX-37.5, and LX-50) presented higher 
Young’s modulus and stress at break values than polymers like PP, HDPE, and PHBV and 
composite materials derived from wood (like xylan or bagasse films and PHB with wood fibers). 
On the other hand, regarding the Ashby plot of elongation at break versus Young’s Modulus 
data, LX samples covered the gap between polyhydroxybutyrates and PLA, PP, and amorphous 
cellulose. Therefore, these wood-like bioplastics displayed competitive mechanical properties, 
complementary to commercial polymers and man-made plastics.  
 
 
Figure 3.7 Ashby plots of stress and elongation at break versus Young’s Modulus data for LX-
0, LX-12.5, LX-25, LX-37.5, and LX-50 samples in comparison to petroleum-based and bio-




3.4.3   Hydrodynamic and barrier characterization  
Values of static water contact angles and water uptake are displayed in Figure 3.8. Despite the 
main fraction of the wood-like bioplastics are polysaccharides, there is an increase of W-CA 
values from 28° for LX-0 to 73° for LX-50 induced by the polyaromatic structure of hydrolyzed 
lignin [129]. Likewise, the water uptake at 100% RH decreased linearly (11%, from LX-0 to 
LX-50) with the hydrolyzed lignin content, as displayed in Figure 3.8. The partial substitution 
of hydrophilic polysaccharide -OH groups by aromatic structures typical of hydrolyzed lignin 
can explain this phenomenon.  
 
 
Figure 3.8 Water uptake (black) and water contact angle (W-CA) (red) for wood-like 
bioplastics as a function of the hydrolyzed lignin content. 
 
Regarding water vapor barrier properties, the water vapor transmission rate (WVTR) is reported 
in Figure 3.9. A clear decreasing trend of WVTR with the hydrolyzed lignin content was 
observed. The values ranged between 9490 g m-2 d-1 for LX-0 and 7356 g m-2 d-1 for LX-50 
(i.e., a reduction of ca. 23%). The reduction in WVTR values of wood-like bioplastics might be 
ascribed to the role of hydrolyzed lignin as a barrier, increasing the tortuous path for water 
vapor diffusion, which would result in less permeation of water molecules through the films 
[130, 131]. On the other hand, oxygen transmission rate (OTR) values are reported in Figure 
4C. In general, OTR decreased linearly with the hydrolyzed lignin content, from 332 mL m-2 
day-1 for LX-0 to 3 mL m-2 day-1 for LX-50 (a reduction of 99%). The excellent oxygen 
scavenging behaviour of hydrolyzed lignin, as discussed below, can result in a low O2 




petroleum-based plastics is shown in the inset of Figure 3.9 [133, 134]. Wood-like bioplastics 
presented competitive values, ranking between high-density polyethylene (HDPE) and 
polypropylene (PP) films, with OTR values of 3000 mL m-2 day-1 and 2500 mL m-2 day-1, 
respectively, and polyvinyl chloride (PVC) and polyethylene terephthalate (PET) films, with 
OTR values of 150 mL m-2 day-1 and 75 mL m-2 day-1, respectively. 
 
 
Figure 3.9 (A) water vapor transmission rate (WVTR), and (B) oxygen transmission rate 
(OTR) values, respectively, for wood-like bioplastics as a function of the hydrolyzed lignin 
content. (Inset: OTR values of LX samples in comparison to common petroleum-based 
plastics for packaging). 
 
3.4.4   Antioxidant and antimicrobial properties 
The antioxidant capacity of wood-like bioplastics was tested by using the ABTS radical 
scavenging method. Figure 3.10 (A) shows the radical scavenging values at different times, while 
the antioxidant capacity for the controls (C-100, X-100, and L-100) as well as the calibration 




observed, the antioxidant capacity of the samples was increased with the hydrolyzed lignin 
content, reaching a plateau after 2 hours. According to the calibration curve, the antioxidant 
capacity of LX-0 was equivalent to 20 µM Trolox solution, LX-25 to 68 µM Trolox solution, 
and LX-50 to 98 µM Trolox solution. Figure 3.10 (B) presents the final radical scavenging values 
at 7 hours. Values linearly increased with the hydrolyzed lignin content, from 20% for LX-0 to 
94% for LX-50. This increase can be associated with the phenolic compounds contained in the 
lignin fraction able to react with ABTS radical, thus avoiding its oxidation [135, 136].  
 
 
Figure 3.10 (A) antioxidant capacity of wood-like bioplastics with time. (B) radical scavenging 
activity values after 7 hours as a function of hydrolyzed lignin content. (C) antioxidant capacity 
of C-100, X-100 and L-100 with the time. (D) radical scavenging activity values after 7 hours 
for Trolox. 
 
The antimicrobial activity of wood-like bioplastics is presented in Figure 3.11. Escherichia coli is 
one of the most important pathogens for humans and many animals. It is responsible for a 
broad spectrum of diseases causing enteritis, urinary tract infection, septicaemia and other 
clinical infections such as neonatal meningitis. [137, 138]. The infiltration assay to E. coli revealed 




(bacterial drop). As previously reported, the antimicrobial properties of lignin are directly 
associated with the nature of phenolic compounds. In fact, these elements damage the cell 
membranes of microorganism and cause lysis of the bacteria, followed by release of the cell 
content [139, 140].  
 
 
Figure 3.11 Bacterial growth on wood-like bioplastics as an indicator of antimicrobial activity. 
The inset describes the effect of the wood-like bioplastics before and after the infiltration test 
to E. coli. 
 
3.4.5   Biodegradability in seawater 
To analyze the biodegradability of wood-like bioplastics, biological oxygen demand (BOD) 
measurements was performed. Figure 3.12 (A) shows the results in a period of 30 days. As seen, 
the biodegradability increases with the xylan content. For LX-0 the biodegradability started after 
4 days, achieving a final value of BOD of 12.8 mg O2/L. For the sample LX-12.5, the 
degradation started after 6 days and the final BOD value was 7.8 mg O2/L. For LX-25, LX-
37.5, and LX-50 the degradation started after 10 days, while the BOD values were 5.3, 4.2, and 
2.8 mg O2/L, respectively. Figure 3.12 (B) shows the weight loss after 30 days in seawater as a 
function of hydrolyzed lignin content. For all the cases, the weight losses were higher than 70%. 
As expected, the weight loss after the BOD experiment decreased with the hydrolyzed lignin 
content, resulting in a difference of ~24% from LX-0 to LX-50. Finally, biodegraded samples 
were morphologically characterized by SEM, Figure 3.12 (C-E). The damage was inversely 
proportional to the hydrolyzed lignin content, most probably because of a better biodegradation 





Figure 3.12 (A) BOD data of wood-like bioplastics for one month. (B) weight loss after 30 
days of BOD tests as a function of hydrolyzed lignin content. (C, D, E) SEM images after 
BOD tests of LX-0, LX-25, and LX-50, respectively. 
 
3.5    Conclusions 
In this Chapter, amorphous and free-standing wood-like bioplastics with multifunctional 
properties have been prepared through the reassembly process of cellulose, hemicellulose, and 
hydrolyzed lignin. These wood-like bioplastics have been found to cover a broad range of 
optical and mechanical properties (from relatively ductile to rigid) depending on the final 
formulation and comparable to common plastic materials. All the analyzed samples were 
thermally stable, presenting two main regions of degradation related to hydrolyzed lignin and to 
the polysaccharide phase. The presence of hydrolyzed lignin improved the hydrophobicity and 
water vapour and oxygen barrier properties. In addition, these wood-like bioplastics showed 












4.1    Introduction 
As already discussed in Chapter 1 - Introduction, sustainable strategies for the design and the 
production of biodegradable materials from renewable resources represent, nowadays, essential 
alternatives to overcome petroleum-based plastics’ drawbacks. [142]. In particular, many 
commercially available bio-based and biodegradable polyesters are currently used for bulk 
applications such as bio-chemosynthetic polymers (e.g., poly(lactic acid) (PLA), polybutylene 
succinate (PBS)), biosynthetic polymers (e.g., polyhydroxyalkanoates (PHAs), 
polyhydrozybutyrates (PHBs)), and modified natural polymers (e.g., cellulose mixed esters) [143]. 
However, in these recent years a growing interest has been focused on long chain (>C16) 
biopolyesters like cutin and suberin, owing to the presence of inter-esterified C16 and C18 
polyhydroxyacids [144-146]. In particular, interesting hydroxyacids are present also in shellac, a 
derivative of natural lac resin already used as non-toxic coatings for wood, pharmaceuticals, and 
food [147]. Shellac is a natural bioadhesive polymer chemically similar to common synthetic 
polymers, and thus can be considered a natural form of plastic. In particular, shellac is a resin 
secreted by the female lac bug of the species Kerria lacca on tree branches (mainly Butea 
monosperma, Zizyphus Mauritania, Schleichera oleosa, and Samanea saman). After purification and 
isolation, shellac flakes are obtained. Following a mild alkaline hydrolysis process, shellolic and 
aleuritic acid are separated, as shown in Figure 4.1. The major component of shellac is 9,10,16-
trihydroxyhexadecanoic (aleuritic) acid. Shellac global production is ~5000 tons per year, with 




negligible and important renewable feedstock for the production of bio-based long-chain 
polyhydroxyesters [37]. Recent works present in literature have shown the potential of direct 
fabrication of esterified network from aleuritic acid by melt-condensation polymerization in air 
without any catalysts [148, 149]. Free-standing and flexible films of esterified aleuritic acid, viz. 
polyaleuritate, can be obtained through this sustainable technique. Nevertheless, polyaleuritate 
properties, i.e. mechanical and barrier properties, can still be improved with the addition of 
tailored organic nano-fillers in the bulk structure.  
As reported in Chapters 1, 2, and 3, cellulose is a ubiquitous structural polymer that confers 
its mechanical properties to higher plant cells. It is the most abundant biopolymer on Earth 
with a total annual biomass production of ~1.5×1012 tons. For this, cellulose represents one of 
the most promising bio-renewable resources for replacing common petroleum-based synthetic 
polymers [19, 106]. Because of its hierarchical and semicrystalline structure, nanoparticles can 
be extracted from cellulose using different mechanical or chemical approaches [150]. Despite 
the challenges related to the homogeneous dispersion within a polymeric matrix, nanocellulose 
has already attracted interest over the past 10 years thanks to its incredible functional properties 
and as a bio-based reinforcing nano-filler for polymer composites [151-156].  
Figure 4.1 points out the main steps involved in the fabrication of 
polyaleuritate/nanocellulose biocomposites. Shellac is produced by K. lacca on specific kind of 
trees and it is isolated and purified to obtain shellac flakes. Through a mild alkaline hydrolysis, 
shellac flakes are separated in shellolic acid and aleuritic acid. This one is finally polymerized 
through a melting polycondensation with different percentage of nanocellulose. 
 
4.2    Objectives 
In this Chapter 4, the sustainable polycondensation of aleuritic acid in presence of cellulose 
nanocrystals, to prepare biocomposite materials, is discussed. After the fabrication of free-
standing films similar to common plastic ones, differences in the morphological, chemical, 
mechanical, thermal, hydrodynamic, and barrier properties with respect to the different 








Figure 4.1 Scheme of the production of polyaleuritate/nanocellulose biocomposites. 
 
4.3    Materials and methods 
4.3.1   Materials 
Aleuritic acid (9,10,16-trihydroxyhexadecanoic acid, 98% purity by NaOH titration) was 
purchased from TCI Europe. Cellulose nanocrystals (CNC) were purchased from Nanografi 
(Ankara, Turkey) and used as received. CNC were prepared from wood pulp by using 
mechanical methods and commercialized as dry powder. Ultrapure water was produced by using 
a Milli-Q system (Q-POD Element, Merck Millipore). 
4.3.2   Synthesis of biocomposites 
Aleuritic acid and cellulose nanocrystals were dispersed in ultrapure water, reaching a final 
concentration of 15 mg/mL, through a sonication process consisting in four successive 30 s 
ultrasound cycles using a 3.2 mm diameter tapered microtip at 10% amplitude attached to a 
VCX 750 ultrasonic processor (Sonics & Materials, Inc.). Then, the dispersions were drop-
casted on 9 cm glass Petri dishes and heated in an oven at 50°C for several hours until complete 
water evaporation. Dry powders composed of blended aleuritic acid and cellulose nanocrystals 
were obtained. The polymerization of polyaleuritate/nanocellulose biocomposites was 




about 400 mg of dry powders were placed on open carbon doped Teflon molds (40 mm × 10 
mm and 1 mm deep) and were heated in air inside a natural air convention oven at 150°C for 
24 h. After cooling the molds at room conditions for several hours, brown rubbery free-standing 
films with a thickness of ~350-400 µm were easily separated. Similarly, control samples of 
aleuritic acid, without cellulose nanocrystals as filler element, were prepared following the 
procedure described above. The different ratio among the samples studied in this work and 
their label are summarized in Table 4.1.  
 
Table 4.1 Labeling of the samples and different proportions of aleuritic acid and cellulose 






respect to the 
amount of 
aleuritic acid) 
NC-0 100.00 0.00 
NC-0.25 99.75 0.25 
NC-0.5 99.50 0.50 
NC-1 99.00 1.00 
 
4.3.3   Morphological and chemical characterization 
Scanning electron microscope (SEM) images were acquired using a JEOL JSM-6490OLA, 
operating at 10 kV acceleration voltage. All samples were coated with a 10 nm thick film of gold. 
In order to analyze the top-view and the cross-section morphology of the samples, imaging 
operation was carried out with secondary electrons. 
AFM images were acquired at room conditions (20-25 °C and 40-50 %RH) with a Nanotec 
Cervantes microscope (Nanotec, Spain) and using “V-shaped” contact silicon nitride cantilevers 
with a nominal 0.06 N/m force constant (BudgetSensors, Bulgaria). To prevent mechanical 
damage to the sample when operating in contact mode, a setpoint close to pull-out was used.  
Four distant points of each sample were analyzed using the maximum size of the scanner (10 x 
10 µm2) and when a reproducible topographic pattern was obtained, the scan size was reduced 
to gain resolution. Topographic images were collected, processed and analyzed using the WSxM 
software [158]. The scanner was calibrated with NT-MDT TGT01 and Nanosensors H8 




Infrared spectra were obtained with a single-reflection attenuated total reflection (ATR) 
accessory (MIRacle ATR, PIKE Technologies) coupled to a Fourier Transform Infrared (FTIR) 
spectrometer (Equinox 70 FT-IR, Bruker). All spectra were recorded in the range from 3800 to 
600 cm-1 with a resolution of 4 cm-1, accumulating 128 scans. To assess the homogeneity of 
chemical composition, ATR-FTIR spectra were recorded three times in three different areas.  
XRD measurements were performed by using a PANalytical Empyrean X-ray diffractometer 
equipped with a1.8 kW Cu Kα ceramic X-ray tube, PIXcel3D 2X2 area detector and operating 
at 45 kV and 40 mA. The diffraction patterns were collected in Parallel-Beam (PB) geometry 
and symmetric reflection mode using a zero-diffraction silicon substrate over an angular range: 
2θ = 10–40°, with a step size of 0.03° and a scan speed of 0.1° s-1. 
4.3.4   Mechanical and thermal characterization 
The mechanical properties of the samples were measured by uniaxial tensile tests on a dual 
column Instron 3365 universal testing machine equipped with a 500 N load cell. Dog-bone 
shaped samples (25 mm length, 4 mm width) were stretched at a rate of 2 mm/min. All stress-
strain curves were recorded at 25°C and 44% RH. The tensile measurements were conducted 
according to ASTM D 882 Standard Test Methods for Tensile Properties of Thin Plastic 
Sheeting. Seven measurements were carried out for each sample and the results were averaged 
to obtain a mean value. The values of Young’s modulus, stress and elongation at break were 
calculated from the stress-strain curves. 
The thermal degradation behaviour of wood-like bioplastic samples was investigated through 
thermogravimetric analysis (TGA) using a Q500 analyzer from TA Instruments. All the 
measurements were carried out under an inert N2 atmosphere on 3 mg samples in an aluminum 
pan at a heating rate of 10°C/min, from 30 to 600°C. The weight loss (TG curve) and its first 
derivative (DTG curve) were recorded simultaneously as a function of time and temperature. 
DSC thermograms were acquired with a DSC Q20 (TA Instruments, USA) under dry 
nitrogen flow (50 mL/min) and using non-hermetic aluminum pans (T-zero, Switzerland). 
Accurately weighed circular pieces (about 6 mg) of sample were placed in good contact with the 
bottom of the pans and a three stages (heating-cooling-heating) cycle from -70 to 150 °C at 
10°C/min was run. The melting enthalpy was obtained from the first heating while the glass 
transition temperature (Tg) was calculated from the second heating using the inflection method. 




4.3.5   Wettability and hydrodynamic characterization 
In order to characterize the surface wettability of the samples, static water contact angles (W-
CA) were measured with the sessile drop method at room temperature at five different locations 
on each surface using a contact angle goniometer (DataPhysics OCAH 200). 5 µL droplets of 
milli-Q water were deposited on the surfaces and side view images of the drops were captured. 
W-CAs were automatically calculated by fitting the captured drop shape and after 2 minutes 
from the drop deposition on the surface in order to consider values at equilibrium.  
The Owens, Wendt, Rabel & Kälble (OWRK) method was used to calculate the surface free 
energy of the different samples [66]. In this method, the surface tension of a liquid, γl, and the 
surface energy of a solid, γs, are assumed to be the sum of a dispersive part, γ
d, and a non-
dispersive part, γnd. In this case, γd includes dispersion (London) interactions, while γnd includes 
polar, hydrogen, and other van der Waals interactions. Based on the assumption that the work 
of adhesion between a solid and a liquid is equal to a geometric mean of the work of cohesion 
of the solid and the work of cohesion of the liquid, and combining with Young’s equation, it 
can be found that  
2√𝛾𝑠
𝑛𝑑𝛾𝑙
𝑛𝑑  + 2√𝛾𝑠
𝑑𝛾𝑙
𝑑 = 𝛾𝑙(1 + cos 𝜗)             (1) 
where: γs
nd is the non-dispersive component of solid surface energy, γs
d is the dispersive 
component of solid surface energy, γl
nd is the non-dispersive component of liquid surface 
tension, γl
d is the dispersive component of liquid surface tension, and θ is the static contact angle 
of the liquid on the solid. The measured contact angles of water and diiodomethane, with surface 
tension components shown in Table 2.1 [67], were used to calculate the surface energy 
components. 
Water uptake measurements on all the samples were also carried out. Dry samples were 
weighed on a sensitive electronic balance (0.0001 g accuracy) and placed in different humidity 
chambers. The different humidity conditions were changed before each weighing and were set 
respectively at: 0%, 100%. After remaining in humidity chambers for one day each sample was 
weighed and the amount of adsorbed water was calculated based on the initial dry weight as the 
difference. 
4.3.6   Barrier properties 
Water vapor permeability (WVP) of the samples was determined at 25 °C and under 100% 
relative humidity gradient (ΔRH%) according to the ASTM E96 standard method. In this test, 




with 400 μL of deionized water (which generates 100% RH inside permeation cell) [68]. The 
samples were cut into circles and mounted on the top of the permeation chambers. The 
permeation chambers were placed in 0% RH desiccator with anhydrous silica gel, which was 
used as a desiccant agent to maintain 0% RH in desiccator. The water transferred through the 
film was determined from the weight change of the permeation chamber every hour during a 
period of 8 h using an electronic balance (0.0001 g accuracy) to record mass loss over time. The 
mass loss of the permeation chambers was plotted as a function of time. The slope of each line 
was calculated by linear regression. Then, the water vapor transmission rate (WVTR) was 
determined as below [70]: 
     WVTR (g (m2d)-1) = 
𝑆𝑙𝑜𝑝𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
             (2) 
WVTR and water vapor permeability (WVP) measurements were replicated three times for each 
film. The WVP of the sample was then calculated as below:  
     WVP (g (m d Pa)-1) = 
𝑊𝑉𝑇𝑅 𝑥 𝐿 𝑥 100
𝑝𝑠 𝑥 𝛥𝑅𝐻
               (3) 
where L (m) is the thickness of the sample, measured with a micrometer with 0.001 mm 
accuracy, ΔRH (%) is the percentage relative humidity gradient, and ps (Pa) is the saturation 
water vapor pressure at 25°C [71, 72].  
The oxygen and carbon dioxide permeability measurements were conducted following the 
pressure sensor method of ISO 2782-1:2016 (differential-pressure method). The measurements 
were carried out in the time lag mode [159]. In brief, oxygen/carbon dioxide permeation rate 
measurements were performed at ambient temperature in a fixed-volume pressure increase 
setup, controlled with computer-driven pneumatic valves. Before each test the system was 
evacuated till reaching the pressure of ~0.001 mbar to remove previous gases. An upstream 
volume at a pressure of ~1310 mbar was built up while a downstream volume was kept at 
~0.001 mbar. These two volumes are separated by the samples. The pressure increase, building 
up between these two chambers while the gas pass through the sample was measured as a 








4.4    Result and discussion 
4.4.1   Morphological characterization 
Figure 4.2 shows photographs of the different samples, according to the nanocellulose content. 
NC-0, i.e. pure polyaleuritate, presented the typical brown colour of this polyester after the melt-
polycondensation process [160]. Interestingly, the samples blended with different nanocellulose 
amount, up to 1 wt.%, have maintained the same brownish colour of NC-0. Higher 
nanocellulose content makes these biocomposites darker and not capable to form a compact 
and resistant film, as shown in Figure 4.2. Consequently, all characterizations performed in this 
work were focused on NC-0, NC-0.25, NC-0.5, and NC-1 biocomposites.  
 
 
Figure 4.2 Photographs of polyaleuritate/nanocellulose biocomposites with respect to the 
percentage amount of nanocellulose. 
 
 
Morphological and structural properties were analyzed by scanning electron microscopy (SEM), 
atomic force microscopy (AFM), and X-ray diffraction (XRD). Figure 4.3 shows the SEM top-
view images of the samples. In general, all biocomposites featured smooth and flat surfaces with 
no relevant differences among them. Nevertheless, NC-1 sample presented some roughness 
and flakes in the surface, indicating that the increasing nanocellulose amount does affect the 






Figure 4.3 (A, B, C, D) Scanning electron microscope (SEM) images of 
polyaleuritate/nanocellulose materials, NC-0 NC-0.25, NC-0.5 and NC-1, respectively. (Inset: 
SEM images at higher magnification). 
 
To further investigate the morphology and the structure of polyaleuritate/nanocellulose 
samples, AFM and XRD characterizations were carried out and reported in Figure 4.4. A 
smooth increase in the roughness was detected by AFM measurements in relation with the 
increased nanocellulose amount in the polyaleuritate matrix [106, 161]. In addition, XRD 
analysis revealed a general amorphous behaviour for all biocomposites with a slight crystalline 
behaviour for NC-1. Thus, it could be observed that all biocomposites have maintained a 
common morphology with respect to the nanocellulose content, with little changes in the 






Figure 4.4 (A) AFM roughness as a function of nanocellulose content (%). (Inset: AFM image 
of NC-1 sample). (B) X-ray diffraction (XRD) patterns of polyaleuritate/nanocellulose 
biocomposites. 
 
4.4.2   Chemical characterization 
Polyaleuritate/nanocellulose biocomposites were chemically characterized by attenuated total 
reflection-Fourier transform infrared (ATR-FTIR) spectroscopy, as shown in Figure 4.5. In 
particular, infrared spectra of NC-0, NC-0.25, NC-0.5, and NC-1 were reported. NC-0 sample 
showed the typical bands associated with aleuritate features: OH stretching mode at 3440 cm-1, 
asymmetric and symmetric CH2 stretching modes at 2932 cm
-1 and 2858 cm-1, respectively, C=O 
stretching mode of free and H-bond interacting ester groups at 1732 cm-1 and 1714 cm-1, 
respectively, CH2 scissoring mode at 1464 cm
-1, and asymmetric C-O-C stretching mode of ester 
groups at 1159 cm-1 [160, 162]. For NC-1 sample typical bands associated with cellulose such as 
the OH stretching mode at 3390 cm-1 and the C-O stretching mode at 1030 cm-1 were also 
present [60]. Moreover, shifts in the position of the bands assigned to the O-H stretching mode 
were observed, as shown in Figure 4.5 (B). The wavenumber of the O-H stretching mode was 
decreased from 3440 cm-1 for NC-0 to 3390 cm-1 for NC-1, resulting in a shift of 50 cm-1. This 
information is indicative of an important modification of the H-bonding network when both 
components, polyaleuritate and nanocellulose, are blended together. As shown in previous work 
[68, 163], the lower wavenumbers are typical of stronger H-bonds hence the presence of the 






Figure 4.5 (A) ATR-FTIR spectra of NC-0, NC-0.25, NC-0.5, and NC-1 samples. Main 
assignments of aleuritate groups (green) and cellulose (orange) are shown. (B) variation of the 
O ̶ H stretching mode for polyaleuritate/nanocellulose biocomposites. (C) shift of the O ̶ H 
stretching mode as a function of the nanocellulose content (%). (Inset: molecular scheme of 
NC-0 and NC-1 samples). 
4.4.3   Mechanical and thermal characterization 
Figure 4.6 shows the typical stress-strain curves, whereas the inset displayed SEM cross-section 
images before and after tensile tests for NC-0 and NC-1. The measured mechanical parameters 
(i.e., Young’s modulus, strain and stress at break) are reported in Figure 4.6 (B-C). NC-0 
presented the worst mechanical properties with low values of Young’s modulus (~27 MPa) and 
stress at break (~1 MPa), while the elongation at break reflected a more elastic behaviour 
(~13%). As mentioned above, the mechanical properties of polyaleuritate/nanocellulose 
biocomposites increased with the increasing amount of the nanofiller. In particular, Young’s 
modulus values for NC-0.25, NC-0.5, and NC-1 were ~46 MPa, ~128 MPa, and ~140 MPa, 
respectively, while elongation at break vaues were increased of ~20%, ~55%, and ~82% for 
NC-0.25, NC-0.5, and NC-1, respectively. NC-1 presented the best mechanical properties, 
reaching good values of Young’s modulus (~140 MPa), stress at break (~5 MPa) and elongation 




increasing nanocellulose content in the polyaleuritate matrix [164]. As shown in the SEM cross-
section images before and after tensile tests for NC-0 and NC-1 in the inset of Figure 4.6 (A), 
nanocellulose tends to rearrange itself in presence of a traction stress, setting up an oriented 
network responsible for the increasing mechanical properties [165]. 
 
 
Figure 4.6 (A) Typical stress-strain curves for NC-0, NC0.25, NC0.5, and NC1 samples (Inset: 
SEM cross-section images before and after tensile tests for NC-0 and NC-1). (B) Young’s 
modulus and (C) elongation and stress at break parameters for polyaleuritate/nanocellulose 
biocomposites calculated from the stress-strain curves, as a function of the nanocellulose 
content. 
 
The thermal characterization of polyaleuritate/nanocellulose biocomposites was carried out by 
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) in Figure 4.7. 
Figure 4.7 (A) shows the thermogravimetric analysis of NC-0, NC-0.25, NC-0.5, NC-1, and 
pure nanocellulose samples. The corresponding derivative thermogravimetric curves are 
reported in Figure 4.7 (B). Polyaleuritate/nanocellulose biocomposites showed two weight 
losses, the first between ~240-290°C and the second between ~350-480°C. The first weight 
loss is directly related to the nanocellulose degradation. As shown in previous studies, 
nanocellulose typically presents a degradation peak at ~275-285°C [106]. The second weight 





Figure 4.7 TGA (A) and corresponding derivatives curves (B) of polyaleuritate/nanocellulose 
biocomposites. Coloured columns show different components’ degradation range. 
 
The thermal properties were also characterized by DSC, as illustrated in Figure 4.8. 
Polyaleuritate/nanocellulose biocomposites presented the same trend of thermal events, with 
close values of glass transition (ca. -9 ºC) and melting temperatures (42 ºC), indicating a high 





Figure 4.8 DSC thermograms showing Tg and Tm for polyaleuritate/nanocellulose 
biocomposites.  
 
4.4.4   Water uptake and wettability 
Results about water contact angle, uptake, and surface energy of these polyester biocomposites 
are presented in Figure 4.9 and Figure 4.10. In Figure 4.9 (A), static water contact angles of 
polyaleuritate/nanocellulose biocomposites as a function of nanocellulose content are shown. 
Pure polyaleuritate, NC-0, presented a W-CA value of ~82°, corresponding to a practically 
hydrophobic behaviour [166]. With the increasing amount of nanocellulose, W-CA values were 
improved reaching a value of ~84° for NC-0.25, ~92° for NC-0.5, and ~100° for NC-1. W-
CAs increase can be related to the changes in the surface roughness, as shown in the AFM 
analysis in Figure 4.4 (A). In fact, higher nanocellulose content in the polyaleuritate matrix 
produces a rougher surface, which provides a hydrophobic behaviour to NC-1 sample. In 
general, all the samples tend to absorb very low quantity of water within a humid ambient, as 
illustrated in Figure 4.9 (B). Water uptake values at 100% relative humidity (RH) ranged from 
~2.3% for NC-0 to ~2% for NC-1. Despite a slight reduction according to the increased 
amount of nanocellulose, there were no relevant differences among all the samples. This 
hydrodynamic behaviour can be directly associated with the esterified aleuritic acid matrix, 
where the high presence of waterproof methylene groups can considerably decrease the water 





Figure 4.9 Water contact angle (W-CA) (A) and water uptake (100% RH) (B) values for 
polyaleuritate/nanocellulose biocomposites samples as a function of the nanocellulose 
content. 
 
Surface energy values, expressed as the dispersive and polar (non-dispersive) component, of 
polyaleuritate/nanocellulose biocomposites are shown in Figure 4.10 (A). The total surface 
energy of NC-0 and NC-0.25 was very similar with values of ~43 and ~41 mJ/m2, respectively, 
while a significant decrease to ~31 and ~27 mJ/m2 was calculated for NC-0.5 and NC-1, 
respectively. The H-bond interaction between aleuritic acid and nanocellulose can explain this 
behaviour, lowering the number of –OH free groups after the polymerization. A comparison 
between the surface energies of polyaleuritate/nanocellulose, biodegradable polyesters such as 
PHB, PCL, PLA, pure cellulose and some cellulose derivatives, EC and CA, is displayed in 
Figure 4.10 (B) [65, 167, 168]. Most of the materials present surface energy values ranged 
between 35 and 50 mJ/m2, but NC-1 is comparable with surface energy value of PLA, indicating 




Figure 4.10 (A) surface energies of the samples calculated using a two-solvent 
(water/diiodomethane) system (Owens/Wendt Theory) based on the sessile drop technique. 




4.4.5   Barrier properties 
Barrier properties are an important requirement for free-standing films and composite materials 
that could be used for packaging applications [169]. Usually, barrier properties include 
permeability of gases such as O2, CO2, and N2, water vapor, aroma compounds, and light. 
Herein, we present the transmission rate parameters, that is the volume or weight of a permeant 
(e.g., oxygen or moisture) passing through a film per unit surface area and time under equilibrium 
with testing conditions [170]. Water vapor (WVTR), oxygen (OTR), and carbon dioxide 
(COTR) transmission rate are illustrated in Figure 4.11,Figure 4.12, Figure 4.13, respectively. In 
general, the improvement of the barrier properties can be directly related to the increasing 
nanocellulose amount in the polyaleuritate matrix, confirming results already present in 
literature [171-175]. In particular, as shown in Figure 4.11 (A), WVTR values for 
polyaleuritate/nanocellulose biocomposites ranged from ~1625 g m-2 d-1 for NC-0 to ~350 g 
m-2 d-1 for NC-0.5 reaching ~138 g m-2 d-1 for NC-1 (i.e., a reduction of ~91%). A comparison 
with other polyesters like PHB, PCL, and PLA as well as natural polymeric films like cellulose 
acetate propionate (CAP), cellulose acetate (CA), TPS, and tomato cutin/alginate film with 
beeswax, has been carried out and is illustrated in Figure 4.11 (B) [163, 176].  
 
 
Figure 4.11 (A) water vapor transmission rate (WVTR) values as a function of the 
nanocellulose content (%). (B) comparison of WVTR with other polyesters, natural and 
synthetic polymeric films. 
 
In Figure 4.12 (A), OTR values are shown going from ~2.5 mL m-2 d-1 for NC-0 to ~1 mL m-2 
d-1 for NC-1. Also for OTR values, a comparison has been made with synthetic polymers like 




natural polymers such as PHA, CA, OLA/CA, and alginate film, Figure 4.12 (B) [163, 170, 177, 
178]. Such a big decrease can be explained by two main phenomena. From one side, 
polyaleuritate matrix presented already important impermeable properties thanks to its dense 
and compact structure. Moreover, the use of nanocellulose as filler element led to a further 
improvement of the oxygen barrier properties, as already shown in literature [170]. 
 
 
Figure 4.12 (A) oxygen transmission rate (OTR) values as a function of the nanocellulose 
content (%). (B) comparison OTR with other polyesters, natural and synthetic polymeric 
films. 
 
Lastly, COTR values were presented in Figure 4.13 (A) going from ~0.32 mL m-2 d-1 for NC-0 
to ~0.10 mL m-2 d-1 for NC-0.5 and NC-1, respectively. In Figure 4.13 (B), COTR values were 
compared with synthetic and biobased polymers like LDPE, PCL, polysulfone (PS), and PLA 
and a PLA/paper composite, respectively [179]. Similarly to the oxygen barrier properties, the 
compact and dense structure formed by the polyaleuritate phase reinforced with cellulose 
nanocrystals as filler element could represents an obstacle to the carbon dioxide molecules 
which cannot pass easily through the composite materials [171].  
Thus, polyaleuritate/nanocellulose biocomposites presented very competitive values 







Figure 4.13 (A) carbon dioxide transmission rate (COTR) values as a function of the 
nanocellulose content (%). (B) comparison of COTR with other polyesters, natural and 
synthetic polymeric films. 
 
4.5    Conclusions 
In this Chapter, novel “green” biocomposites from aleuritic acid and cellulose nanocrystals were 
fabricated through a sustainable reaction, i.e. melting poly-condensation in oven. Free-standing 
films, with a typical brown colour, were obtained. The chemical structure was analyzed by FT-
IR spectroscopy, showing that the thermal process effectively induced the condensation of 
aleuritic acid, with H-bonds interaction between polyaleuritate and nanocellulose. Interestingly 
in presence of a traction stress, nanocellulose tends to rearrange itself creating an oriented 
network responsible for the general increase of the mechanical properties. All samples showed 
a common thermal stability, typical of polyaleuritate network. Water contact angle, water uptake 
and surface energy were improved with the proportion of nanocellulose resulting in a 
hydrophobic behaviour because of the improved surface roughness, as shown by the AFM 
analysis. Moreover, the addition of nanocellulose led to an important improvement in the barrier 
properties, greatly reducing water vapor, oxygen and carbon dioxide transmission rates. This 
behaviour could be explained by the grafting of nanocellulose onto the amorphous 













Fibrous Composite Materials from 
Mycelium and Polyaleuritate 
 
5.1    Introduction 
Nowadays, intense research efforts are focusing on the development of polymeric composite 
materials from natural sources such as cellulose [180], lignin [16], pectin [181] from plants, 
proteins from plants and animals [182], polyesters from bacteria [18] or plants [17]. Usually, 
complex processing methods for the extraction and the functionalization of these bioresources 
are required in order to develop such “green” materials [183]. For this reason, although these 
materials could effectively replace petroleum-based synthetic polymers for the production of 
plastic materials, they are still expensive with very limited uses [184]. Nonetheless, the 
development of biocomposite materials with controlled and tuned properties is a sustainable 
and realistic alternative. In this context, recent works in literature have showed the use of 
mycelium, the vegetative lower part of fungi, as building block for the fabrication of 
biocomposite materials [185, 186]. 
Mycelium has been identified as the largest living organism on Earth (a mycelium network 
occupies nearly 10 km2 in Orego’s Blue Mountains) [187]. It grows forming entangled networks 
of branching fibers, Figure 5.1. As explained by Haneef et al. [188], the filaments of the fibrous 
mycelium are called hyphae and consist of elongated cells, separated from each other by internal 
porous cross walls, named septa. In general, the cell wall plays several important roles, providing 
mechanical strength and barrier protection from the external environment to the whole 
mycelium [189]. The main components of mycelium are natural biopolymers, mainly chitin, 





Figure 5.1 Schematic representation of mycelium physiology at different scales. (A) Optical 
microscopy image of a mycelium film. (B) Schematic representation of a hypha. (C) Schematic 
representation of the cell wall. (taken from Haneef et al., 2017 [188]) 
 
Nevertheless, mycelium presents some drawbacks in its final properties related to its natural 
components. For this, the reinforcement of mycelium fibrous substrate to enhance mechanical, 
hydrodynamic, and barrier properties has been proposed [190]. Natural biopolymers have been 
exploited as functionalizing agents for the mycelium substrate. 
9,10,16-trihydroxyhexadecanoic (aleuritic) acid is a long chain (C16) hydroxyacid and it is the 
major component of shellac, a derivative of natural lac resin used as non-toxic coatings for 
wood, pharmaceuticals, and food [147]. Since shellac global production is ~5000 tons per year, 
with a potential capacity of ~50000 tons per year, aleuritic acid represents a non-negligible and 
important renewable feedstock for the production of biobased long-chain polyhydroxyesters 
[37]. As already described in Chapter 4, recent works present in literature have shown the 
potential of direct fabrication of esterified network from aleuritic acid by melt-condensation 
polymerization in air without any catalysts [148, 149]. Interestingly, aleuritic acid has also been 
used as filler element for biopolymer substrates to improve their final properties [191]. For this 
specific purpose, aleuritic acid has been treated with the use of spray deposition and hot-pressing 
techniques to induce the impregnation and the polymerization into the polymeric matrix.  
 
5.2    Objectives 
In this Chapter 5, the reinforcement of a fibrous mycelium substrate (Ganoderma lucidum) with a 
polymerized phase of aleuritic acid will be presented. In the first part, the fabrication process, 
including spray deposition, hot-pressing, and oven annealing is described. Afterwards, the 
analysis of the morphological, chemical, mechanical, thermal, hydrodynamic and barrier 




5.3    Materials and methods 
5.3.1   Materials 
Aleuritic acid (9,10,16-hydroxyhexadecanoic acid, 98% purity by NaOH titration) was 
purchased from TCI Europe. Chloroform, methanol (analytical degree) and diiodomethane 
were purchased from Sigma-Aldrich. Ganoderma lucidum DSM9621 active culture was purchased 
from DSMZ (Germany) and maintained in 100 mm Petri dish with Potato Dextrose Broth 
(PDB, Merck) as growth medium, transferring the culture to fresh medium every 30 days. A 
piece of 20 days grown mycelium was inoculated in 100 mm Petri dishes containing 30 mL of 
PDB 24 g/L with alkali lignin (Merck) 2 g/L. Concentration of PDB is the standard suggested 
by the producer, while alkali lignin one is that found to be optimal for the strain. Water was the 
solvent used for every medium and all media were autoclaved before use. Mycelium were 
incubated in a climatic chamber (Memmert, HPP 260) at 27°C and 78 % water humidity, in the 
dark and collected when they had covered all the available surface in the Petri (namely after 20 
days). After collection, mycelium were cleaned from the substrate by using a spatula and 
inactivated by drying them in an oven at 50 °C for 15 hours. 
5.3.2   Fabrication of mycelium/polyaleuritate composites 
A solution of aleuritic acid (100 mg mL-1) was prepared in chloroform:methanol (1:1, v:v) and 
sprayed (2.2 bar, 18 cm) on both side of mycelium substrate using a Paasche air brusher (VL 
siphon feed, 0.73 mm nozzle). After drying, substrates were cut in rectangles and hot-pressed 
(160 bar, 30 min) at 175°C using a laboratory Press Carver Mod. 4389CE in order to impregnate 
aleuritic acid into the mycelium substrates. Then, all the samples were treated with an oven 
annealing process to induce the polymerization of aleuritic acid. In particular, impregnated 
substrates were put in convection oven at three different temperatures (150, 175, and 200 °C) 
for five different times (8, 24, 36, 48, and 60 h) to evaluate the degree of polymerization. The 
temperature of 200 °C was discarded because it is too close to the degradation point of the 
substrates, as it will be shown in the thermal characterization paragraph. The incorporation of 
aleuritic acid percentage was determined by measuring the weight of the mycelium substrates 
before and after the spray step, reaching values of ~30 wt.%. 
5.3.3   Morphological and chemical characterization 
Scanning electron microscope (SEM) images were acquired by using a JEOL JSM-6490OLA, 




gold. In order to analyze the top-view and the cross-section morphology of the samples, the 
imaging operation was carried out with secondary electrons. 
Infrared spectra were obtained with an ATR accessory (MIRacle ATR, PIKE Technologies) 
coupled to an FTIR spectrometer (Equinox 70 FT-IT, Bruker). All spectra were recorded in the 
range from 3800 to 600 cm-1 with a resolution of 4 cm-1, accumulating 128 scans. To assess the 
homogeneity of chemical composition, ATR-FTIR spectra were recorded three times in three 
different areas. Deconvolution of C=O components (1775-1675 cm-1) was carried out by using 
PeakFit 4.11 software. Wavenumber positions of components were deduced by calculation of 
the second-order derivative. Deconvolution was performed using Gaussian shape with an 
amplitude threshold of 3%. A nonlinear least-squares method was employed to reduce the 
differences between the calculated spectra and the original one. 
5.3.4   Mechanical and thermal characterization 
The mechanical properties of the biocomposites were measured by uniaxial tensile test on a dual 
column Instron 3365 universal testing machine equipped with a 500 N load cell. Original 
samples were cut in dog-bone shapes (25 mm length, 4 mm width) and were stretched at a rate 
of 2 mm min-1. All stress-strain curves were recorded at 25 °C and 44% RH. Seven 
measurements were carried out for each sample and the results were averaged to obtain a mean 
value and a standard deviation. All tensile measurements were conducted according to ASTM 
D 882 Standard Test Methods for Tensile Properties of Thin Plastic Sheeting. The Young’s 
modulus and the stress and the elongation at break values were calculated from the stress-strain 
curves.  
To evaluate the thermal degradation of mycelium/polyaleuritate biocomposites, 
thermogravimetric analysis (TGA) were investigated, using a Q500 analyzer from TA 
instruments. All measurements were carried out on 3 mg samples in an aluminium pan at a 
heating rate of 10 °C/min, from 30 to 800 °C in nitrogen atmosphere. The weight loss (TG 
curve) and its first derivative (DTG curve) were recorded simultaneously as a function of time 
and temperature.  
5.3.5   Wettability and water uptake characterization 
The surface wettability of the samples was investigated by static water contact angle (W-
CA) analysis. In particular, the sessile drop method was used at room temperature at five 
different locations on each surface using a contact angle goniometer (DataPhysics OCAH 200). 
5 µL droplets of milli-Q water were deposited on the surface and slide view images of the drops 




evaluate W-CAs at equilibrium, these values were measured after 2 min from the deposition of 
the drop. 
The Owens, Wendt, Rabel & Kälble (OWRK) method was used to calculate the surface 
free energy of the different samples [66]. In this method, the surface tension of a liquid, γl, and 
the surface energy of a solid, γs, are assumed to be the sum of a dispersive part, γ
d, and a non-
dispersive part, γnd. In this case, γd includes dispersion (London) interactions, while γnd includes 
polar, hydrogen, and other van der Waals interactions. Based on the assumption that the work 
of adhesion between a solid and a liquid is equal to a geometric mean of the work of cohesion 
of the solid and the work of cohesion of the liquid, and combining with Young’s equation, it 
can be found that 




𝑑 = 𝛾𝑙(1 + 𝑐𝑜𝑠𝜃) (1) 
where: γs
nd is the non-dispersive component of solid surface energy, γs
d is the dispersive 
component of solid surface energy, γl
nd is the non-dispersive component of liquid surface 
tension, γl
d is the dispersive component of liquid surface tension, and θ is the static contact angle 
of the liquid on the solid. The measured contact angles of water and diiodomethane, with surface 
tension components shown in Table 2.1 [67], were used to calculate the surface energy 
components. 
For the water uptake characterization, samples were weighed on a sensitive electronic 
balance (0.0001 g accuracy) and placed in humidity chambers at 0 and 100% RH. After 
remaining in humidity chambers for 1 day, each sample was weighed again and the amount of 
adsorbed water was calculated based on the initial dry weight as the difference. 
5.3.6   Water vapor barrier properties 
Water vapor permeability (WVP) of the samples was determined at 25 °C and under 100% 
relative humidity gradient (ΔRH%) according to the ASTM E96 standard method. In this test, 
permeation chamber with a 7 mm inside diameter and a 10 mm inner depth were used, filled 
with 400 μL of deionized water (which generates 100% RH inside permeation cell) [70]. The 
samples were cut into circles and mounted on the top of the permeation chambers. The 
permeation chambers were placed in 0% RH desiccator with anhydrous silica gel. The water 
transferred through the film was determined from the weight change of the permeation chamber 
every hour during a period of 8 h using an electronic balance (0.0001 g accuracy) to record mass 




The slope of each line was calculated by linear regression. Then, the water vapor transmission 
rate (WVTR) was determined as below [71]:  
WVTR (g (m2d)-1) = 
𝑆𝑙𝑜𝑝𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
           (2) 
WVTR and water vapor permeability (WVP) measurements were replicated three times for each 
film. The WVP of the sample was then calculated as below:  
WVP(g (m d Pa)-1) = 
𝑊𝑉𝑇𝑅 𝑥 𝐿 𝑥 100
𝑝𝑠 𝑥 𝛥𝑅𝐻
            (3) 
where L (m) is the thickness of the sample, measured with a micrometer with 0.001 mm 
accuracy, ΔRH (%) is the percentage relative humidity gradient, and ps (Pa) is the saturation 
water vapor pressure at 25 °C [72]. 
 
5.4    Results and discussion 
5.4.1   Morphological and chemical characterization 
In Figure 5.2, SEM top-view and cross-section images of the mycelium substrate (G. lucidum), 
before and after the spray deposition process, and after the hot-pressing process are displayed. 
In particular, mycelium substrate showed a fibrous structure typical of this kind of mycelium 
[188]. After the spray deposition process, both sides of the mycelium substrate were covered by 
the aleuritic acid dispersion with particles in the order of hundreds of microns. The 
impregnation of aleuritic acid into the mycelium substrate is confirmed by the SEM images. In 
fact, a homogeneous and compact film can be observed after the hot-pressing process, as shown 
also from the inset at higher magnification. Furthermore, a single composite layer is visible in 
the SEM cross-section image. These results indicate that aleuritic acid, with a melting point at 







Figure 5.2 SEM top-view and cross-section images of Ganoderma lucidum before and after spray 
deposition, and after the hot-pressing process. Insets show top-view images at higher 
magnification. 
 
The micromorphology of the biocomposites was analyzed again after the oven annealing 
treatment, Figure 5.3. In particular, two different temperatures (150 and 175 °C) and five 
different time points (8, 24, 36, 48, and 60 h) were studied. In order to have a complete 
morphological characterization, both top-view and cross-section SEM images were taken. As a 
whole, mycelium/polyaleuritate biocomposites presented the same homogeneous and uniform 
structure after all the annealing conditions, confirming the polymerization of aleuritic acid 






Figure 5.3 SEM top-view and cross-section images of mycelium/polyaleuritate biocomposites 
after oven annealing (150, 175 °C). Inset show top-view images at higher magnification. 
 
The chemical characterization of mycelium/aleuritic acid biocomposites was performed by 
attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy. In particular, 
to assess the polymerization of aleuritic acid with the hot-pressing and the oven annealing 
process, a comparison of the region of the C=O stretching mode between all the samples has 
been performed, as shown in Figure 5.4. For the sprayed sample a single peak at 1697 cm-1 
associated with the C=O vibration of carboxylic acid was observed. The peak was shifted to 
~1714 cm-1 (ester groups interacting by H-bonds) and to ~1730 cm-1 (free ester groups) after 
the hot-pressing step. This peak shifting was enhanced with the increasing oven annealing time, 






Figure 5.4 Comparison of ATR-FTIR spectra in the region of the C=O stretching mode 
(1775-1675 cm-1) of the mycelium substrate after spray deposition, hot-pressing and oven 
annealing at 150°C (A) and 175°C (B). The wavenumbers of the C=O stretching modes of 
free ester groups (blue dashed line), ester groups interacting by H-bonds (red dashed line), and 
carboxylic acid groups (black dashed line) are highlighted. 
 
The relative contributions of carboxylic acid groups and free and H-bonds interacting ester 
groups to the C=O stretching mode as a function of the oven annealing time were calculated 
by deconvolution, as plotted in Figure 5.5. For both the annealing temperatures, 150 and 175 
°C, in Figure 5.5 (A) and (B) respectively, the polymerization of aleuritic acid followed a 
common trend. For 175°C as annealing temperature, the percentage of carboxylic acid was 
~17% after 8 h and decreased to ~10% after 60 h in oven. The values of free carboxylic acid 
groups were already low because of the hot-pressing process, through which biocomposites 
were undergone to an initial polymerization process. Moreover, the percentage of ester groups 
interacting by H-bonds was also decreased, from ~32% after 8 h to ~25% after 60 h. 
Conversely, the percentage of free ester groups was linearly increased with the annealing time, 
with a value of ~50% after 8 h and of ~65% after 60 h in oven. This situation clearly indicates 
a time dependence for the polycondensation of aleuritic acid. The annealing process was 




groups (both free both interacting by H-bonds), indicating the formation of the typical polyester 
network of polymerized aleuritic acid. 
In summary, the oven annealing process, as a subsequent step after the hot-pressing, resulted 
to be fundamental for the complete polymerization of the aleuritic acid used as reinforcement 
of the mycelium substrate. 
 
 
Figure 5.5 Effect of the oven annealing time at 150 °C (A) and 175 °C (B) in the deconvoluted 
area of the main contributions to the C=O stretching vibrations: free ester groups (blue), ester 
groups interacting by H-bonds (red), and carboxylic acid groups (black). 
 
5.4.2   Mechanical and thermal characterization 
Typical mechanical tensile stress-strain curves of mycelium/polyaleuritate biocomposites before 
and after the hot-pressing and after the oven annealing, at 150 and 175 °C, are presented in 
Figure 5.6 (A) and (B), respectively. Being a natural biological material, G. lucidum substrate 
presented very poor mechanical properties with low values of Young’s modulus, as shown from 
the tensile stress-strain curves [192]. After the hot-pressing, the effect of the aleuritic acid 
reinforcement is visible with a global increase of the mechanical properties. Interestingly, the 






Figure 5.6 Typical stress-strain curves for mycelium/aleuritic acid biocomposites at 150°C (A) 
and 175°C (B) oven annealing temperature. 
 
To have a complete view of the effect of the oven annealing process on the biocomposites, 
Young’s modulus values have been calculated from the stress-strain curves, Figure 5.7. For both 
annealing temperatures, 150 and 175 °C, Young’s modulus values were linearly increased 
showing the reinforcing effect of the polymerized aleuritic acid phase. For annealing 
temperature of 150 °C, Young’s modulus was increased from ~1042 MPa for the biocomposite 
after 8 h of annealing to ~1925 MPa after 60 h, while for annealing temperature of 175 °C, 
Young’s modulus values were increased from ~1095 MPa after 8 h to ~1990 MPa after 60 h of 
annealing. On this line, also stress at break values were increased for both the annealing 
temperature (150 and 175 °C) from ~9 MPa after 8 h to ~18 MPa after 60 h of oven annealing. 
Regarding elongation at break values, the oven annealing process did not affect the 
biocomposites leaving the values of this mechanical parameter unchanged. 
 
 
Figure 5.7 Young’s modulus values for mycelium/aleuritic acid biocomposites calculated from 




The thermal characterization of mycelium/polyaleuritate biocomposites was studied through 
thermogravimetric analysis (TGA), as represented in Figure 5.8. Pure mycelium substrate 
exhibited two main weight losses. The first weight loss, at 50-100 °C, can be associated with the 
evaporation of free water contained in the structure. The second weight loss, a simple 
degradation step starting at ~225 °C and finishing at ~300 °C, corresponds to the degradation 
of the main component of the mycelium [188]. In this context, the hot-pressing of the pure 
mycelium substrate has been performed to verify its thermal stability. As shown in Figure 5.8, 
the red curve showed no significant differences from the original substrate (black curve), 
presenting just an increase of the weight of the char residue. After combining mycelium 
substrate and aleuritic acid with the spray deposition and hot-pressing processes, it could be 
observed that the degradation started before, at ~200 °C. This behaviour could be related to 
the presence of polyaleuritate in the system [157].  
In summary, TGA results ensure the use of 150 and 175 °C as oven annealing temperature, 
avoiding the thermal degradation of the samples. 
 
 







5.4.3   Water contact angle, water uptake and surface energy 
In this section the hydrodynamic properties, including water contact angle, water uptake, and 
surface energy, for mycelium/polyaleuritate biocomposites are presented. As displayed in Figure 
5.9, water contact angle values were increased as a function of the annealing time for both the 
annealing temperatures. In particular, the sample before annealing presented a hydrophilic 
behaviour with water contact angle of ~70°, most probably due to the presence of free hydroxyl 
and carboxyl groups typical of aleuritic acid monomers [166]. The oven annealing process 
induced the polymerization of these free functional groups creating a less polar polyester 
network and giving rise to biocomposites with an enhanced hydrophobic behaviour. In fact, for 
both the annealing temperatures water contact angle value was increased to ~94° after 60 h of 
annealing. 
Water uptake results, as a function of oven annealing time, are shown in Figure 5.9. 
Following the trend of water contact angle values, the water adsorption at 100% RH was 
improved in relation to the increasing annealing time. In fact, before the annealing treatment 
mycelium/aleuritic acid biocomposite showed water uptake value of ~29%, while after 60 h of 
annealing water uptake was linearly decreased to ~16% at 150 °C and to ~14% at 175 °C.  
 
 
Figure 5.9 Water contact angle (top) and water uptake (bottom) of mycelium/aleuritic acid 





Surface energy values, expressed as the dispersive and the polar (non-dispersive) component, of 
mycelium/polyaleuritate are presented in Figure 5.10. Before the oven annealing process, hot-
pressed biocomposites showed high values of surface energy, ~46 mJ/m2, as expected from a 
hydrophilic material. The oven annealing is responsible for the improvement in the surface 
energy values, reaching ~30 mJ/m2 at 150 °C and ~28 mJ/m2 at 175 °C, showing also a decrease 
in the polar component. These results, together with the water contact angle and water uptake 
values, demonstrated the reinforcing effect of polyaleuritate into the mycelium substrate and 
the importance of the oven annealing process to obtain a polymerized network. 
 
 
Figure 5.10 Surface energy of mycelium/aleuritic acid biocomposite as a function of the oven 
annealing temperature (150, 175 °C). 
 
5.4.4   Water vapor barrier properties 
Water vapor barrier properties of mycelium/aleuritic acid samples were characterized by 
calculating water vapor transmission rate (WVTR) and water vapor permeability (WVP) 
parameters, according to Equations (2) and (3). The results are displayed in Figure 5.11. In 
particular, WVTR and WVP values were typical of water permeable materials, especially after 
just the hot-pressing process. This could be related to the heterogeneous distribution of 
polyaleuritate network into the mycelium substrate, with region less impregnated compared to 
others [191]. Also in this case, the annealing effect is determinant to generate a homogeneous 
polymerized network of polyaleuritate. This is strictly associated with the linearly decrease of 







Figure 5.11 Water vapor transmission rate (WVTR) and permeability (WVP) as a function of 
the oven annealing temperature 150 °C (black) and 175 °C (red). 
 
5.5    Conclusions 
In this Chapter, the reinforcement of a mycelium substrate with a polyaleuritate sprayed phase 
has been discussed. Scalable techniques like spray deposition and hot-pressing have been 
exploited to prepare these novel biocomposites. In particular, a dispersion of aleuritic acid was 
sprayed on both side of a mycelium substrate (G. lucidum) followed by the impregnation of 
aleuritic acid into the mycelium with hot-pressing. After that, the polymerization of aleuritic 
acid was induced with an oven annealing process at different time points and temperatures. As 
shown from the FT-IR spectra, the formation of a polyaleuritate phase was completed after 60 
h of annealing at 175 °C. In general, these novel biocomposites presented enhanced mechanical 
and hydrodynamic properties compared to the mycelium without the polyaleuritate 













Plant-Cuticle-like Packaging Films 
 
6.1    Introduction 
As explained in detail in Chapter 1, nowadays the design and the fabrication of biodegradable 
materials with similar properties to the synthetic polymer plastic ones represent a sustainable 
and realistic alternative to those [15]. Among the different approaches used to overcome 
petroleum-based plastics’ drawbacks, the design of biomimetics of natural systems is giving rise 
to green and commercially available systems [193]. In particular, the plant cuticle, i.e. the 
outermost membrane that covers the epidermis of non-lignified plant organs such as petals, 
leaves, stems and fruits, is a natural system that has attracted the attention of scientists [194]. 
The main functions of the plant cuticle are related to the prevention of water loss from internal 
tissues, the regulation of the gas exchange, and the protection against biotic (pathogens, insects) 
and abiotic (relative humidity, temperature, radiation) stresses and mechanical damages [195]. 
For this, the cuticle depicts an ideal system that bio-based food packaging materials could mimic 
[196]. Plant cuticle is mainly composed of cutin (a long-chain polyhydroxylated polyester), 
including also polysaccharides (mostly cellulose, hemicelluloses, and pectin) from the cell wall, 
and a minor fraction of waxes found either on the plant surface (epicuticular waxes) or inside 
the cuticle (intracuticular waxes) [197]. Recently, cutin, together with other biopolymers such as 
cellulose, lignin, chitin, and silk, have been considered as a potential substitute for conventional 
plastics [198]. In fact, pure cutin and cutin-like bioplastics have been involved in the fabrication 
of free-standing films with applications in food and cosmetic packaging [160]. Usually, cutin 
monomers are obtained after a multistep procedure: first, cuticles are isolated from plant 
epidermis by enzymatic treatment, then, cutin is obtained after dewaxing in organic solvents 




hydrolysis and precipitation in acid media of cutin [199, 200]. As a whole, this process is time 
consuming and not cost-effective for large-scale technologies. It would be preferable to employ 
simpler methodologies where cutin-rich agro-wastes are directly subjected to the last step [201].  
This may be the case for tomato pomace, an agro-waste from the food processing industry, 
after the preparation of juices, purées, ketchup, and sauces, as shown in Figure 6.1. Tomato 
pomace consists mainly of peel and seeds and its global volume can reach ~0.85 x 106 tons per 
year [202]. The fatty fraction of this agro-waste is composed by polyhydroxylated fatty acids 
from cutin (10,16-dihydroxyhexadeconoic acid (~82%) and minor fractions of other 
multifunctional fatty acids such as  16-hydroxyhexadecanoic acid (~3%) and 9-hydroxy-1,16-
hexadecanedioic acid (~3%)) and unsaturated fatty acids from seeds (linoleic acid (~50%), oleic 
acid (~20%), and minor fractions of other unsaturated and saturated fatty acids with different 
chain length) [203].  
In order to imitate natural plant cuticles, tomato pomace monomers have been blended 
with sodium alginate and beeswax. Sodium alginate is a natural polysaccharide derived from 
marine plants, especially from the cell walls of brown algae, whose structure consists of linear 
unbranched polymers composed of β-D-mannuronate (M) and α-L-guluronate (G) residues 
covalently linked with (1-4) glycosidic bonds [33]. It is non-toxic and water soluble and used in 
different applications such as food additives and packaging, biomedicine, wound dressings, and 
textiles in the form of films, fibers, and gels [35, 204]. On the other hand, beeswax, a natural 
wax produced by Apis bees, consists of 71% wax esters, 15% hydrocarbons and 14% wax fatty 
acids and it is employed in packaging materials, to enhance barrier properties [205].  
 
6.2    Objectives 
The main objective of this Chapter 6 is to mimic the natural cuticle model, consisting of a 
polysaccharide substrate, a polyester framework and a wax phase, with the fabrication of plant 
cuticle-like films composed by sodium alginate, tomato pomace fatty monomers, and beeswax 
through the simple blending in green solvents (water and ethanol), drop-casting, and melting 
polycondensation. Moreover, the effect of different amounts of tomato pomace fatty 
monomers on the morphology, wettability, and mechanical, thermal, and barrier properties of 
sodium alginate matrices are investigated. Finally, modifications in water barrier and mechanical 
properties, induced by the addition of beeswax, are discussed. From the results of this Chpater 6 






Figure 6.1 General scheme of tomato pomace production and its main uses. 
 
6.3    Materials and methods 
6.3.1   Materials 
Alginic acid sodium salt, beeswax, and ethanol were purchased from Sigma-Aldrich and used 
without further purification. Ultrapure water was produced by using a Milli-Q system (Q-POD 
Element, Merck Millipore). Polyhydroxylated and unsaturated fatty acids were obtained by 
alkaline hydrolysis of pomaces resulting from the industrial processing of tomato fruits to 
produce sauces and pastes [201]. They contained skins, seeds, and fibers. Briefly, the crushed 
dry residue was previously washed with a refluxing mixture of hexane:ethanol (1:1, v:v) and, 
then, ground to facilitate the alkaline attack. The hydrolysis was carried out at 100°C for 6 hours 
using a 0.5M NaOH solution in water. The resulting suspension was filtered after cooling to 
room temperature and the supernatant (polysaccharide fraction) was discarded. The solution 
was acidified with 3M HCl up to a final pH of 3. The precipitate was mostly constituted of 




centrifugation cycles were performed to completely remove the residual embedded NaCl. The 
solid was dried under vacuum for several days and stored at 4°C until use. 
6.3.2   Synthesis and fabrication of the composite films 
Sodium alginate and tomato pomace monomers blends were prepared by mixing both 
components in an ethanol/water mixture followed by drop-casting process and the evaporation 
of the solvents. Sodium alginate solutions were prepared at a concentration of 30 mg/mL in 
ultrapure water at 60 °C under continuous stirring. On the other hand, tomato pomace 
monomers were added to a mixture of ultrapure water and ethanol (1:1, v:v) at a concentration 
of 30 mg/mL and dispersed by four successive 30-s ultrasound cycles using a 3.2 mm diameter 
tapered microtip at 10% amplitude attached to a VCX 750 ultrasonic processor (Sonics & 
Materials, Inc.). Then, sodium alginate solution and tomato pomace monomers suspension were 
blended in five different weight ratios (sodium alginate/tomato pomace monomers: 100:0, 
75:25, 50:50, 25:75, 0:100). Afterward, 25 mL of each solution was drop-casted on 9 cm diameter 
glass Petri dishes and warmed up in oven at 50°C for several hours until fully dry. Free-standing 
films were obtained for 100:0, 75:25 and 50:50 proportions. 25:75 and 0:100 combinations were 
very pasty and did not form films.  
The esterification of tomato pomace monomers was achieved by a melting 
polycondensation reaction. For this, films were placed in an oven for 8 hours at 150°C, 
following a process present in the scientific literature [166].  
For the addition of beeswax, the following procedure was used. 0.2 g of beeswax were 
melted in 20 mL of boiling water, producing a milky opaque suspension. The suspension was 
treated with 1-minute ultrasound cycles using a VCX 750 ultrasonic processor (Sonics & 
Materials, Inc.) at 40 kHz and then sonicated for 2 h at 35°C and 40 kHz in a bath sonicator 
(LCD Series, FALC). After that, the beeswax dispersion was added to the 50:50 sodium 
alginate/tomato pomace monomers solution in three different percentages (5, 15, and 30 wt.%) 
with respect to the total amount of polymer. The evaporation of solvents and the polymerization 
were the same as those described above.  
Table 6.1 summarizes the final percentages of sodium alginate, tomato pomace monomers, 



















with respect to the 






AT-0 100 0 - 
AT-25 75 25 - 
AT-50 50 50 - 
AT-75 25 75 - 
AT-100 0 100 - 
Thermal treatment  
(8 h, 150°C) 
(p: polymerization) 
AT-0p 100 0 - 
AT-25p 75 25 - 
AT-50p 50 50 - 
AT-75p 25 75 - 
AT-100p 0 100 - 
Beeswax addition + 
Thermal treatment  
(8 h, 150°C) 
B-0 50 50 0 
B-5 47.6 47.6 4.8 
B-15 43.5 43.5 13 
B-30 38.5 38.5 23 
 
6.3.3   Morphological characterization 
Scanning electron microscope (SEM) images were acquired by using a JEOL JSM-6490OLA, 
operating at 10 kV acceleration voltage. All the samples were coated with a 10 nm thick film of 
gold. In order to analyze the top-view and the cross-section morphology of the samples, the 
imaging operation was carried out with secondary electrons. 
6.3.4   Chemical characterization 
For solid-state 13C NMR, a 4-channel Bruker Avance I 750/89 spectrometer (150 MHz 13C, 
Bruker Biospin, Karlsruhe, Germany) was used to acquire quantitatively reliable 13C direct 
polarization–magic angle spinning (DPMAS) spectra. The instrument was equipped with a 4-
mm HXY probe in which ~70 mg samples were each spun at 15.00 ± 0.02 kHz and a 
temperature of 296 K. Spin echo experiments with pulses of 5.25 µs (13C 90º), 10.5 µs (13C 180º), 
and corresponding delays of 67 and 64 µs were used to obtain the spectra 44. During an 
acquisition time of 15 ms, we applied 80 kHz of 1H TPPM decoupling 45. A total of 264 scans 
were collected for each sample using 600-s recycle delays between scans to allow for spin 
relaxation. Processing included apodization of the data via multiplication by an exponential 




Infrared spectra were obtained with a single-reflection attenuated total reflection (ATR) 
accessory (MIRacle ATR, PIKE Technologies) coupled to a Fourier Transform Infrared (FTIR) 
spectrometer (Equinox 70 FT-IR, Bruker). All spectra were recorded with a resolution of 4 cm-
1, accumulating 128 scans. 
6.3.5   Mechanical and thermal characterization 
Mechanical properties were determined by uniaxial tensile tests on a dual column Instron 3365 
universal testing machine equipped with a 500 N load cell. The tensile measurements were 
conducted following the indications of ASTM D 882 Standard Test Methods for Tensile 
Properties of Thin Plastic Sheeting. Dog-bone shaped samples (25 mm length, 4 mm width) 
were stretched at a rate of 2 mm/min, corresponding to 0.08 min-1 strain rate. All stress-strain 
curves were recorded at 25°C and 44% RH. Between seven and ten measurements for each 
sample were carried out and the results were averaged to obtain a mean value. The values of 
Young’s modulus and stress and elongation at break were calculated from the stress-strain 
curves.  
The thermal degradation behaviour of sodium alginate/tomato pomace monomers samples 
was investigated by thermogravimetric analysis (TGA) using a Q500 analyzer from TA 
Instruments. The measurements were carried out under an inert N2 atmosphere on 3 mg 
samples in an aluminum pan at a heating rate of 10°C/min, from 30 to 600°C. The weight loss 
(TG curve and its first derivative, DTG curve) was recorded simultaneously as a function of 
time and temperature. 
6.3.6   Hydrodynamic characterization 
To characterize the surface wettability of the samples, static water contact angles (W-CA) were 
measured with the sessile drop method at room temperature and at five different locations on 
each surface using a contact angle goniometer (DataPhysics OCAH 200). 5 µL droplets of Milli-
Q water were deposited on the surfaces and side view images of the drops were captured. W-
CAs were automatically calculated by fitting the captured drop shape and after 2 minutes from 
the drop deposition on the surface in order to consider values at equilibrium. For free-standing 
films, W-CA measurements were conducted as for any other kind of solid films. For the no-
film forming samples, flat regions with areas larger than a water drop were used.  
For the water uptake characterization, samples were weighed on a sensitive electronic 
balance (0.0001 g accuracy) and placed in different humidity chambers at 0 and 100% HR. After 
remaining in humidity chambers for one day, each sample was weighed and the amount of 




6.3.7   Water vapor barrier properties 
Water vapor permeability (WVP) was determined at 25°C under 100% relative humidity gradient 
(ΔRH%) according to the ASTM E96 standard method. In this test, permeation chambers with 
7 mm inside diameter and 10 mm inner depth were used and filled with 400 μL of deionized 
water (which generates 100% RH inside the permeation cell) [68]. The samples were cut into 
circles and mounted on the top of the permeation chambers. The permeation chambers were 
placed in a desiccator with anhydrous silica gel, which was used to maintain 0% RH. The water 
transferred through the film was determined from the weight change of the permeation chamber 
every hour during a period of 8 h using an electronic balance (0.0001 g accuracy) to record mass 
loss over time. The mass loss of the permeation chambers was plotted as a function of time. 
The slope of each line was calculated by linear regression. Then, the water vapor transmission 
rate (WVTR) was determined as below [70]: 
WVTR (g (m2d)-1) = 
𝑆𝑙𝑜𝑝𝑒
𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
           (2) 
WVTR and water vapor permeability (WVP) measurements were replicated three times for each 
film. The WVP of the sample was then calculated as below:  
WVP(g (m d Pa)-1) = 
𝑊𝑉𝑇𝑅 𝑥 𝐿 𝑥 100
𝑝𝑠 𝑥 𝛥𝑅𝐻
           (3) 
where L (m) is the thickness of the sample, measured with a micrometer with 0.001 mm 
accuracy, ΔRH (%) is the percentage relative humidity gradient, and ps (Pa) is the saturation 











6.4    Results and discussion 
6.4.1   Morphological characterization 
Photographs of the sodium alginate/tomato pomace monomers (AT) films are shown in Figure 
6.2. The AT-0 (pure sodium alginate) sample is completely transparent, as typically shown by 
sodium alginate dry material [207]. AT-25 and AT-50 films displayed an orange and opaque 
colour due to the presence of tomato pomace monomers in the structure. After the thermal 
treatment, sodium alginate became yellow. This change of colour is related to a partial thermal 
degradation of the polysaccharide [208]. The brown colour of AT-25p and AT-50p can be 
attributed to the polymerization of tomato pomace monomers [160].  
 
 
Figure 6.2 Photographs of sodium alginate/tomato pomace films before and after melting 
polycondensation. 
 
The morphology of AT samples was analyzed by scanning electron microscopy (SEM). Figure 
6.3 (A, B, C) show the cross-sections and top-views of AT-0, AT-25 and AT-50 samples, 
respectively. Pure sodium alginate film is flat, while a larger roughness was observed with the 
increasing amount of tomato pomace monomers. On the other hand, Figure 6.3 (D, E, F) show 
the cross-section and top-views of AT-0p, AT-25p and AT-50p, respectively. AT-0p sample 
after thermal treatment preserved the same flat structure, whereas AT-25p and AT-50p were 
slightly smoother than their corresponding non-polymerized equivalents, most likely because of 






Figure 6.3 (A, B, C) Cross-section SEM images of AT-0, AT-25 and AT-50 samples (non-
polymerized samples), respectively. Insets show the corresponding top-views. (D, E, F) Cross-
section SEM images of AT-0p, AT-25p and AT-50p samples (polymerized samples), 
respectively. Insets show the corresponding top-views. 
 
6.4.2   Chemical characterization 
Direct-polarization solid-state 13C NMR spectra were used to compare tomato pomace 
monomers (AT-100), sodium alginate (AT-0), and AT-50 samples before and after the thermal 
treatment.  As already observed for fruit cutin polymers, the resonances displayed in Figure 6.4 
were relatively broad, likely reflecting spectral superposition of monomers with slightly differing 
chain lengths and hydroxyl positions [209]. Nonetheless, it was possible to distinguish carbonyl, 
arene/alkene, anomeric sugar, alkoxy, and long-chain methylene structural groups thanks to the 
differences in the chemical environment. Whereas the alginate component lacked (CH2)n 
resonances (25-40 ppm, Figure 6.4) and the tomato pomace monomers lacked anomeric sugar 
signals (101 ppm, Figure 6.4), the carbonyl and alkoxy regions included spectral contributions 





Figure 6.4 DPMAS 13C NMR spectra of AT-0, AT-50, AT-50p, AT-100 and AT-100p 
samples. 
 
Figure 6.5 (A) allowed for identification of an alginate carboxylic acid group at 176 ppm and 
carboxyls from tomato pomace monomers at 178 and 182 ppm. In the AT-50 sample the 
carboxyl resonances displayed chemical shifts corresponding to the individual constituents and 
were partially resolved.  Thermal treatment of AT-100 sample ‘replaced’ the carboxyl groups 
with resonances at 174 and 176 ppm, suggesting formation of esters as illustrated by the 173 
ppm peak observed for lime and tomato cutin polymers [210]. Thermal treatment of the AT-50 
sample yielded a broad composite resonance at 176 ppm with shoulders at 173 and 179 ppm, 
again suggesting ester formation. Although the 173 ppm signal can be attributed to a cutin-
based ester, the 176 ppm resonance could arise from a cutin ester, alginate carboxyl, or 
intercomponent ester. This latter spectral overlap precludes estimation of the ester percentage 
in the heat-treated mixture compared with the acid starting material, but the dramatically 
diminished tomato pomace signal intensities at 178 and 182 ppm suggest ~80% esterification 
of the tomato pomace monomer carboxyls. Thus, the chemical reaction corresponding to 
increased hydrophobicity and brittleness described below is shown to involve the tomato 
pomace monomer carboxyls and is consistent with the formation of cutin-based esters. 
Confirmation and extension of these interpretations comes from examination of the alkoxy 
spectral region highlighted in Figure 6.5 (B). The oxymethylene resonances at 63-65 ppm and 
oxymethine resonances at 72-76 ppm are easily distinguishable in this region of the 13C NMR 
spectrum. Whereas the tomato pomace monomers exhibit 63-ppm CH2OH signals from ω-
hydroxyfatty acids and 72-ppm CHOH signals from their mid-chain hydroxy groups, the 
alginate constituent exhibits a collection of sugar CHO signals resonating between 65 and 76 




in signal intensity for the CH2OH moiety of AT-50p and AT-100p samples, supporting the 
claim of esterification and strengthening the hypothesis that it involves the tomato pomace 
monomer constituent. The observation of altered signal intensity primarily for the CH2OH type 
of alkoxy groups also suggests that esterification of the monomers occurs at the sterically less 
hindered chain end. Moreover, the degrees of esterification and the hydrophobic-to-hydrophilic 
balance of the bio-inspired materials have been quantitatively defined by measuring the 
proportions of each major functional group with respect to the total intensity across the 13C 
NMR spectrum. Only proportions within a given spectrum have been considered; quantitative 
comparisons between the various spectra could be compromised by variations in sample mass, 
spin relaxation time, and normalization protocols that set the largest peak to full scale. The 
cleanest assessment of esterification comes from measuring the integrated intensity of the 
CH2OH group at 62 ppm, which is attributable solely to the tomato pomace monomer 
constituents. Thermal treatment reduced the contribution of this peak area by 50 and 100% in 
the AT-50p and AT-100p samples, respectively, confirming the qualitative trends noted above 
from examination of the peak heights.   
 
 
Figure 6.5 Expanded NMR spectra respectively in the carboxyl region (160-185 ppm) and in 
the alkoxy region (57-88 ppm). 
 
In summary, DPMAS 13C NMR characterization, indicates that the thermal treatment induces a 
partial polymerization between polyhydroxylated and unsaturated fatty acids from tomato 
pomace with a relatively high degree of esterification (~80%), considering that the reaction has 
not been catalyzed. Moreover, the condensation of –COOH of both types of fatty acids occurs 
preferably with the primary –OH groups of the polyhydroxylated ones, most probably due to 
reasons related to steric hindrance. Interestingly, the molecular architecture of natural cutin 




very similar to those of polymerized tomato cutin monomers and 9,10,16-
trihydroxyhexadecanoic (or aleuritic) acid by melting polycondensation. In these cases, the 
degrees of esterification were ~15% for cutin monomers and ~7% for aleuritic acid, being the 
esterification mainly through primary hydroxyls and keeping intact most of secondary –OH 
groups [160]. However, unlike them, the participation of unsaturated fatty acids is expected to 
reduce the chain propagation during polymerization by consuming of hydroxyls without 
providing additional –OH groups to continue the reaction.  
Chemical interactions between the polyester and the polysaccharide were also characterized 
by ATR-FTIR spectroscopy. Noticeably, shifts in the position of the bands assigned to the O-




Figure 6.6 Variation of the O-H (A) and asymmetrical COO- (B) stretching modes, 
respectively, for different AT samples after the thermal treatment. 
 
The wavenumber of the O-H stretching mode was increased from 3318 cm-1 for AT-0p to 3407 
cm-1 for AT-100p, resulting in a shift of 89 cm-1, Figure 6.7. This is indicative of an important 
modification of the H-bonding network when both components are blended. Since the lower 
wavenumbers are typical of stronger H-bonds [46], the presence of alginate reinforces such a 
secondary bond network. The shift of the asymmetrical COO- stretching mode was less intense 
with a difference of 6 cm-1 between 1591 cm-1 for AT-0p to 1597 cm-1 for AT-75p. Such a shift 
of this band is related to the preferential formation of intermolecular hydrogen bonds of the 





Figure 6.7 Shift of the O-H (black) and asymmetrical COO- (red) stretching modes with the 
tomato pomace content. 
 
Finally, a change in the ratio between the intensities of the bands associated with the C=O 
stretching modes of free ester groups (~1730 cm-1) and ester groups interacting by H-bonds 
(~1715 cm-1) was observed, Figure 6.8. This ratio was increased from a value of ~0.50 for AT-
25p to ~0.93 for AT-100p, indicating that the population of ester groups interacting by H-
bonds was reduced with the presence of alginate. Based on these experimental evidences, we 
propose a molecular model where the –OH groups of both components present a high affinity 
to form intermolecular H-bonds between them, partially excluding ester groups of the network, 
inset of Figure 6.8 (A). 
 
 
Figure 6.8 (A) Ratio ICOOR···OH/ICOOR as a function of the tomato pomace content. The insets 
show schematic models at molecular level of samples with low (left) and high (right) tomato 
pomace content. (B) Comparison in the infrared spectral region of the C=O stretching mode 
(1775–1675 cm−1) for AT-50 (black) vs. AT-50p (red) and AT-100 (black) vs. AT-100p (red) 
samples. The wavenumbers of the C=O stretching modes of free ester groups (blue dashed 
line), ester groups interacting via H-bonds (green dashed line), and carboxylic acid groups 




6.4.3   Mechanical and thermal characterization 
Typical stress-strain curves of AT samples are shown in Figure 6.9. Non-polymerized samples 
presented a mechanical behaviour typical of ductile materials with a characteristic yield point, 
followed by a plastic deformation, although low values of elongation at fracture, while 
polymerized films were brittle and broke at lower strain values with no plastic deformation. 
Values of Young’s modulus and stress and elongation at break are reported in Table 6.2. For 
non-polymerized films, Young’s modulus and stress at break values decreased with the increase 
of tomato pomace monomers. In general, the mechanical parameters were lower for the 
thermally treated samples compared to their non-polymerized homologues. The deterioration 
of the mechanical properties can be caused by the partial degradation and dehydration of 
alginate during the thermal treatment [208]. In addition, the presence of tomato pomace 
polyester modifies the H-bonding network of the system, weakening these interactions, and 
putatively reducing the mechanical properties. 
 
 
Figure 6.9 Typical stress-strain curves for AT-0 (black solid line), AT-25 (red solid) and AT-50 
(blue solid) samples vs. AT-0p (black dashed), AT-25p (red dashed) and AT-50p (blue dashed) 
samples. 
 
Table 6.2 Mechanical parameters (Young’s modulus, stress at break and strain at break) of 




Stress at break 
(MPa) 
Strain at break  
(%) 
AT-0 ~1968 ~51 ~10 
AT-25 ~1338 ~25 ~6 
AT-50 ~596 ~12 ~7 
AT-0p ~1822 ~33 ~3 
AT-25p ~1026 ~6 ~1.6 




Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the samples, as 
shown in Figure 6.10. Pure tomato pomace fatty monomers (AT-100) exhibited three weight 
losses at ~30, ~235, and ~415 °C. The first weight loss (~14%) can be associated with the 
evaporation of free water contained in the monomers. The second event was equivalent to a 
weight loss of ~37% and is related to the decarboxylation of hydroxyacids and the complete 
degradation of unsaturated fatty acids [160, 201, 212]. The third degradation (~11% of weight 
loss) can be attributed to the thermal degradation of hydroxyl groups of hydroxyacids [160]. A 
final residue of ~38% was obtained. On the other hand, two weight loss steps at ~199 (weight 
loss ~13%) and ~398 °C (weight loss ~82%) were observed for pure sodium alginate (AT-0). 
The first event is ascribed to the water loss, while the second one to the alginate polymer 
backbone degradation [213]. A final residue of ~5% was determined. The blends of both 
components displayed an intermediate behaviour with events associated to both tomato pomace 
monomers and sodium alginate. No significant differences were observed for thermally treated 
samples containing tomato pomace monomers compared to non-polymerized ones, indicating 
that the melting polycondensation did not affect their thermal stability or the residual weight, 
Figure 6.10 (B). In the case of AT-0p, the weight loss at ~199 °C disappeared, most probably 
due to the previous dehydration produced during the thermal treatment at 150 °C for 8 h.  
 
 
Figure 6.10 TGA (top) and the corresponding derivative (bottom) curves of non-polymerized 





6.4.4   Wettability, water uptake and water vapor barrier properties 
Static water contact angles are shown in Figure 6.11 (A). The hydrophobic behaviour mainly 
depends on the relative proportion of both components. Thus, as expected, the pure sodium 
alginate sample was the most hydrophilic material with a W-CA of 43°, close to the value 
reported elsewhere [214]. The hydrophobicity increased with the proportion of tomato pomace 
monomers, reaching W-CA values of 77, 81, 101, and 110° for AT-25, AT-50, AT-75, and AT-
100, respectively. After the thermal treatment in oven, samples showed higher contact angle 
values, maintaining however a similar trend to the non-polymerized equivalents. In the case of 
pure sodium alginate, W-CA was increased to 72°. This phenomenon is related to the 
degradation reaction during the thermal treatment that can reduce the number of polar groups 
on the surface [208]. W-CA values for AT-25p, AT-50p, AT-75p, and AT-100p were 92, 96, 
109, and 118°, respectively. Thus, the increase of hydrophobicity in the polymerized samples 
compared to the non-polymerized ones can be directly related to the condensation reaction of 
–COOH and –OH functional groups to produce less polar ester groups. 
On the other hand, the water uptake of AT samples decreased linearly with the tomato 
pomace monomer content, as shown in Figure 6.11 (B). In particular, it was reduced from 54% 
for AT-0 to 7% for AT-100 and from 47% for AT-0p to 6% for AT-100p. In fact, the water 
uptake trends can be explained by the hydrophobic nature of tomato pomace fatty monomers 
and the reduced presence of polar groups after the thermal treatment.  
 
 
Figure 6.11 (A) Water contact angle (W-CA) and (B) water uptake values, respectively, for 






Water vapor transmission rate (WVTR) and water vapor permeability (WVP) values are 
displayed in Figure 6.12 (A, B), respectively. Both parameters decreased with the proportion of 
tomato pomace monomers because of the hydrophobic character of the aliphatic 
polyhydroxylated and unsaturated fatty acids from tomato pomace. Moreover, the condensation 
of these fatty acids produced an additional decrease in the water barrier properties due to, as 
mentioned above, the disappearance of polar hydroxyl and carboxyl groups and the formation 
of esters. For WVTR, the values for non-polymerized films ranged between ~9326 g m-2 d-1 for 
AT-0 to ~7643 g m-2 d-1 for AT-50 (a reduction of ca. 19%), while the parameters for the 
polymerized samples were ~8500 g m-2 d-1 for AT-0p and ~6300 g m-2 d-1 for AT-50p (a 
reduction of ca. 26%). A similar tendency was observed for WVP, with values of ~1.65 g m-1 d-
1 Pa-1 for AT-0 and ~1.28 g m-1 d-1 Pa-1 for AT-50 (a reduction of ca. 25%) and ~1.42 g m-1 d-1 
Pa-1 for AT-0p and ~1.13 g m-1 d-1 Pa-1 for AT-50p (a reduction of ca. 24%). 
 
 
Figure 6.12 Water vapor transmission rate (WVTR) and (B) water vapor permeability (WVP) 
values, respectively, for non-polymerized (red) and polymerized (black) samples 
as a function of the tomato pomace monomers content. 
 
6.4.5   Effect on beeswax on mechanical and hydrodynamic properties 
Beeswax was added in different percentages (0, 5, 15, and 30 wt.%) to the AT-50p sample and 
the obtained materials were studied to comprehend beeswax effect on morphological, 
mechanical, and hydrodynamic properties. The main results are displayed in Figure 6.13, Figure 
6.14, Figure 6.15.  
Figure 6.13 (A, B, C) presents photographs and SEM cross-section images of AT-50p sample 
containing 5, 15, and 30 wt.% of beeswax (labeled as B-5, B-15, and B-30, respectively). While 




amount of beeswax due to its typical yellow colour [215], the SEM cross-section images revealed 
some differences. For instance, B-5 presented a morphology similar to AT-50p, whereas in the 
B-30 film a more compact and homogeneous structure was observed. A higher presence of 
liquid material (i.e., beeswax and tomato pomace monomers in the melted state) during the 
thermal treatment can produce this modification.  
 
 
Figure 6.13 (A, B, C) Cross-section SEM images of B-5, B-15 and B-30 samples. 
Insets are the corresponding photos. 
 
Figure 6.14 (A, B) shows the mechanical parameters of AT-50p samples with beeswax. The 
addition of the wax resulted in an enhancement in the mechanical parameters. The Young’s 
modulus increased from ~615 MPa for B-0 to ~1025 MPa for B-5 and B-15 and ~1075 MPa 
for B-30. Stress at break values were also increased from ~7 MPa for B-0 to ~18 MPa for B-5, 
~21 MPa for B-15, and ~24 MPa for B-30 films. Even the elongation at break was improved, 
with values ranging from ~1.5% for B-0 to ~2% for B-5, ~2.5% for B-15, and ~3% for B-30 
samples. The reinforcement effect of beeswax can be explained by a lower tendency of the 
samples to lose water after the beeswax addition and by a greater rigidity induced by the 
interaction between the waxes and the tomato pomace monomers after the thermal treatment. 
In fact, intracuticular waxes have been reported to increase Young’s modulus and stress at break 
in natural plant cuticles [216]. 
 
 
Figure 6.14 Young’s modulus, stress at break (black) and elongation at break (red) values for 




Changes in the hydrodynamic properties after the addition of beeswax are shown in Figure 6.15 
(A, B). As expected, the hydrophobicity of the films increased with the beeswax content, Figure 
6.15 (A). The sample without wax, B-0, presented a W-CA of ~96° whereas for B-5, B-15, and 
B-30 W-CA values were ~102°, ~104°, and ~106°, respectively. Beeswax addition also 
influenced the adsorption of water from the external environment. In fact, water uptake values 
decreased from ~32% for B-0 to ~24% for the B-5 sample, ~21% for B-15, and ~17% for B-
30. Finally, water vapor barrier properties were also determined, Figure 6.15 (B). The addition 
of beeswax induces a decrease in WVTR and WPV values. In fact, values of WVTR and WVP 
were reduced by ~70% and ~54%, respectively, from ~6305 g m-2 d-1 and ~1.1 × 10-4 g m-1 d-1 
Pa-1 for B-0 to ~1847 g m-2 d-1 and ~4.7 × 10-5 g m-1 d-1 Pa-1 for B-30 samples. B-5 and B-15 
showed intermediate values. WVTR values of B-30 were comparable to those of other materials 
such as cellulose acetate (2920 g m-2 d-1), cellulose acetate propionate (1700 g m-2 d-1), cellulose-
polyaleuritate-carnauba wax composite (2550 g m-2 d-1), and thermal treated protein-starch 
blends (~1850 g m-2 d-1) [191, 217]. On the other hand, WVP values were similar to those 
reported for starch from cassava (~1.01 × 10-5 g m-1 d-1 Pa-1), soy protein (~1.05 × 10-4 g m-1 d-
1 Pa-1), and cellophane (~7.26 × 10-6 g m-1 d-1 Pa-1). 
 
 
Figure 6.15 (A) Water contact angle and water uptake and (B) water vapor barrier properties 
of B-0, B-5, B-15 and B-30 samples. 
 
6.5    Conclusions 
In this Chapter, a sustainable procedure for the fabrication of composite free-standing films 
inspired by plant cuticles has been presented. It consists of the blending in green solvents 
(ethanol and water) of sodium alginate and unsaturated and polyhydroxylated fatty acids derived 
from the agro-waste of the tomato peeling industrial process with beeswax as an additive and 
subsequent thermal treatment. As shown by solid-state NMR and FT-IR spectroscopy, the 




can specifically interact with alginate and beeswax by H bonds and van der Waals forces, 
respectively. The mechanical properties depended significantly on the tomato pomace 
monomers content and the water loss produced by the thermal treatment. No significant 
differences in thermal stability were detected. Water contact angle, uptake, and barrier properties 
were improved with the proportion of tomato pomace monomers and the thermal treatment 
because of the intrinsic hydrophobicity of unsaturated and polyhydroxylated fatty acids as well 
as the lower presence of polar hydroxyl and carboxyl functional groups after the melt-
polycondensation. Furthermore, the addition of beeswax to AT-50p improved both mechanical 
(by reinforcement of the structure) and hydrodynamic (due to the high hydrophobicity of the 

























Final Conclusions and Outlooks 
 
In this PhD Thesis, the use of natural biopolymers as a sustainable and realistic alternative to 
petroleum-based synthetic polymers for the fabrication of polymeric composite materials has 
been studied. Several projects with the same objective to define a library of natural polymer 
composites with engineered properties comparable to commonly used synthetic plastics have 
been carried out. After an introduction about the main properties and uses of synthetic 
polymers, such as polyethylene, polypropylene, etc., the importance of using natural 
biopolymers in replace of their synthetic counterparts have been considered as the main 
hypothesis. To corroborate this idea, different biopolymers from natural sources such as 
cellulose, alginate, hemicellulose, and lignin as well as by-products from industrial process, in 
particular tomato pomace monomers and aleuritic acid, and biological materials, i.e. mycelium, 
have been treated with various fabrication techniques to prepare functionalized natural 
composites. Industrially scalable techniques like drop-casting, spray deposition, hot-pressing, 
and extrusion and “green” polymerization reactions have been employed. After the fabrication 
step, all samples have been widely studied through the main physical/chemical characterization 
methods to depict the differences between the starting and the final properties. Herein, the 
possibility to engineer functionalized natural composites using biopolymers as both the matrix 
and the reinforcement, to minimize the use of non-renewable resources, and to make a better 
use of waste streams have been demonstrated. To contextualize the results achieved in this 
Thesis, every biocomposite has been compared with other synthetic and natural polymers already 
used in the markets for different applications. It could be worth to notice that these novel all-
natural composite materials present competitive values ranging from structural and mechanical 
to hydrodynamic and barrier properties, specifically for sustainable packaging applications.   
This Thesis is thought of as a building block for the development of sustainable all-natural 
composites with an increasingly higher degree of innovation and functionalities. Thus, future 
studies will address the important task of consolidating these technologies making them more 
scalable and industrially applicable, consequently reducing the production costs and increasing 
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